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PART FIVE 

MACHINE TOOL DESIGN 




CHAPTER 1 


PERFORMANCE CRITERIA. 
BASIC DATA FOR MACHINE 
TOOL DESIGN 


1-1. Machine Tool Performance Criteria 

iver advancing industry makes higher requirements, year by year, to 
chine tool performance. The pnncipaf performance criteria that must 
taken into consideration in designing a new machine tool are: safety and 
e of operation, accuracy, dependability, production capacity, amount 
material required m manufacture. producibiHty, production costs, and 
level of operating e.x;penses Not all of these can be expressed in the form 
quantitative indices at the present lime. 

'rimarily, the machine tool designing engineer must ensure entirely safe 
'ratioi * ’ ’ and iacorpo- 

e feat iped, and the 

ished 

Reliable protection for the operator, not only against accidents, but against 
•essive fatigue as well, is a must in modem machine tools No pilot model 
1 be put into lot production unless this requirement is complied with. 
The higher the level, or degree, of automaticity in a machine tool, the 
npler and easier it is to operate. The raising of this level up to complete 
tomation of the whole production cycle, including in-process gauging 
the workpiece dimensions, feedback tool resetting, loading of blanks 
i unloading the finished work or seraifabricaled parts, is one of the most 
>minent trends in modem machine tool engineering (see Part Six, Vol 4). 
The operating accuracy of a machine tool must be such that work of the 
ecified accuracy m size and shape, i.e.. within the required dimensional 
d geometrical tolerances, can be efficiently produced during its whole 
wice life. The operating accuracy is determined by the geometrical, kine- 
itic and dynamic accuracy (see Parts Five and Seven) or, in other words. 
;■ capacity of retaining its shape and dimensions constant with adequate 
ibilify under the action of the maximum cutting forces, workpiece weight 
d the counteracting forces and torques developed by the first two factors 
le required operating accuracy is achieved by a proper design layout, ample 
Tidity of the units and of the machine tool as a whole, and the \ibration- 
oof features incorporated in the design 

The dependability, or serviceability, of a machine tool, as that of any other 
stem can be defined as its capacity to do its specified job, and is determined 
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The piece output^ (Dieoretical) denotes the number of workpieces machined 
unit time and is the most convenient indev for assessing the production 
pacity of singJe-purpose and special machine tools. The number of «ork- 
eces produced in unit time is calculated by the formula 


The material requirement of a machine tool (or metal requirement, \\hich 
almost the same since the share of nontnctallic materials is still very small 
the weight of a machine tool) is evaluated in the USSR as the amount of 
etal (by weight) in the machine tool per unit of its power employed in the 
orking process Thus 


M =-^]%gf pel 1 


here G = weight of the machine tool, kgf 
A’e =» power of the main drive, k\v. 


The material requirement of modern general-purpose machine tools ranges 
om 200 to 1000 kg per kW This quality-of-design index is used to compare 
achine tools of the same type 

As more and more refined constructions are being de% eloped and more 
cact calculation procedures are devised (enabling the actual safety factors, 
gidily margin, etc . to he reduced) the material requirement of machine 
ols should decrease 

The producibility of a machine tool (or any other machine or structure) 
characterued by the degree of complexity in the manufacture and assemlily 
its units, components and the whole machine tool. A rough approximation 
the producibility can be made hy considering the number of unique part%, 
‘signed for the particular model, and the number of parts co\ ered by 
ivernment standards (GOST in the USSR), engineering industry standards 
, if the manufacturer is kni 
line tool depends upon many 
^e) and the process enginecrir,^ 

•oducibihty may vary in the course of lime due to the introduction of new , 
Ivanced manufacturing techniques. 

One of the most essential objectives of the designer is to ensure minimum 
oduciion cost of the machine tool being developed, under the condition that 
1 the specifications ha^e been complied with. This is achieved by proper 
?sign layout; choice of the optimum construction between the possible 
MSions of each unit, selection of materials possessing the necessary and 
iequale physicomechanical properties, without the misuse, for example, 
high-quality steels, nonferroos metals, etc.; and by assigning the necessary 
id adequate dimensions to the parts on the basis of calculations made with 
e highest possible accuracy and mtb judiciously limited safety margins 
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speeds and feed.s and the power of the drive, complying, at the same lime, 
with the high requirements as to shape and dimensional accuracy, and sur- 
face finish of the machined work. 

8. There is a wide, ever-increasing application of electrotechnics, electron- 
ics, hydraulics and pneumatics for performing various functions. It may he 
assumed that fluidics will find application in machine tool controls due to 
its compactness, fast response, simple manufacture and, therefore, low cost 
in lot production. 

9. Standardized parts and units are being used to the maximum extent 
to reduce the designing and lead time in the production of a new model, as 
well as the production costs. 

This trend is evident in its most fundamental and practical form in the 
production of unit-built machine tools which are designed on the basis of 
standard parts and units with the addition, in each separate case, of certain 
special devices. This trend can also be obser\'ed in the change-over to unitized 
design in which the machine tool is developed as a combination of self- 
contained special-purpose units, employed for performing the same definite 
function in different types of machine tools. An application of the principles 
of unitized design permits a variety of special-purpose and specialized machine 
tools to be developed from a single basic design. The engineering of a new 
model, in this case, is much simpler and requires less lead time due to the 
unification of the units making up the basic and modified machine 
tools. 

10. An increase is being observed in the relative amount of machine tools 
designed for efficient multiple-tool machining as, for example, multiple-tool 
lathes, rnultiple-spindle drilling, milling and boring machines (unit-built 
types), etc. 

11. Efforts are being made to utilize machine tools more fully, especiall 
expensive ones tended by high-skilled operators and occupying considerabl 
floor space in the shop. This particularly refers to heavy machine tool 
As a result, measures are being taken to increase the adaptability of su 
rnacliine tools to various jobs. 

Examples are the planer-type milling machines which can operate 
v,-ell at planing speeds and feeds; planer-s on which milling heads 
be mounted; and large vertical turning and boring mills w'iih %vork ta 
which can reciprocate, in addition to rotation in one direction, enab 
maciiining time to be sharply reduced in turning large segments of coir 
confi^ration. These turning mills can also be used as rotan,' div 
machines. 

12. Machine tools for high-velocity machining, which remove a 
amount of metal from the blank, are being furnished with devices for au 
ically disposing of the hot chips. The latter are not only a hazard 
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operator and make the machine more difficult to handle, but may damage 
the ways and other critical parts 

Certain trends arc observed only in spcci&c groups ol machine tools. Thus, 
optical devices are being more etlcnsively used in precision and high-accura- 
cy machine tools for setting up the relative positions of the tool and work 
to a greater degree of accuracy, and for reading off co-ordinate dimensions 


and lapping) machines 

It follows from the aho^e that the requireirenfs of moss production tech- 
nique have a profound effect on the development of machine tool design. 
The same factor is responsible for the large increase in the share of special 
and specialized machine tools among the metal-cutting equipment of up-to- 
date engineering plants 

One of the most distinctive features of modem machine tool engineering 
is the development of automatic groups of machine tools, transfer machines 
and whole automatic shops and even plants for the line production of ma- 
chine components (see Part Six, Chapters IG through 21). 


f*3. Machine Tool Design Reeommendafions 

Along with the production-economics indices, machine tool design is 
ba^ed on the general working capacity criteria of tbo principal units and 
parts. Such criteria include sialic and fatigue strength, wear resistance, 
rigidity, vibration-proof properties, and temperature conditions. 

Id designing certain units of a machine tool it is necessary tentatively 
to determine the magnitude, direction and kind of forces acting during vari- 
ous periods of operation and. in parttcu}ar, during the penods of transient 
motion (starting, braking and reversing) This enables a design schedule 
to be drawn up for making the nccessarj' calculations to design the mecha- 
nisms and units of the machine tool 

In drawing up such a schedule, the following acting loads should be taken 
into consideration' . , , , , 

I Motive power of the dnie. In calculations, these forces are taken in 
accordance with the rated power or available torque of the drive motor 
Instructions for selecting the power of the drive motor are given be ow 
(Secs. 2-5). The motive power of thedrivo is dependent on the characteristics 
of the electrical, hydraulic or pneumatic drive employed in the given machine 
tool 
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2. The cutting forces ate represented in the form of three components 
and P*,; methods of determining them are given in the study course “The 
Cutting of Metals”’^*. 

In the great majority of cases, all the acting forces are variable (with the 
e.vception of the force due to the weight of blanks that are not unduly heavy 
and have a small machining allowance), and the range of their variation can 
reach considerable values. This circumstance is taken into consideration by 
introducing dynamic coefficients in the equations for the corresponding 
design forces and torques, i.e., 

P des~ P dynP st and M — dytiM si (4) 

in which 



where P^i and Pjy„ — static and dynamic forces, respectively 
Mil and = static and dynamic torques, respectively. 

For this reason, all critical parts of machine tools are designed on the 
basis of their fatigue strength. 

If the cutting forces are not known and may vary in fairly wide ranges 
(as in designing general-purpose machine tools), they can be determined 
approximately by the formulas 

Pi — k {a -f- 0.4c) b kgf 
Pa = V Pi -h PI - Ic (0.4a -f c) b kgf 



where Pj and Pjv = components of the culling force, kgf 

k = characteristic of the material to be machined, kgf per 
sq mm (for steel k s 120 to 180, depending upon 
its hardness; for cast iron k s 90 to 110) 
a and b — thickness and width, respectively, of the undeforme 
chip, mm 

c — width of tlie band of contact on the tool flank, whi 
can be taken for calculations as one half of the p 
missible wear band on the flank, mm. 


The ratio of the components P^ and Py depends upon the form of 
cutting edge. 


*In standard metal cutting notation (USSIt), P^, Py and are the a.xial (I 
tndinal), radial (normal) and vortical (tangential) components of the cutting for 
.spoctively, as referred to a lathe tool. 

••The magnitude and nature of variations in the cutting force components will 
depend upon the chip-forming proce.«s and are considered in detail in the =ami 
course. 
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(a) 


(6) 

<f) 

Fig. 1. Oscillograms'of tb« torque developed In gear bobbing 


The cutting forces arc of a markedly variable nature in some types of 
nachinmg, such as milling and gear bobbing. For example, the cutting 
orces vary by 50 per cent or even more (Fig. 1) la gear bobbing. The varlabil- 
ty of the forces involved m the cutting process is usually characterized by 
he ratio of the amplitude of force variation to the average value. 

3. Friction ^orcet are usually taken proportional in machine tool design 
0 the normal load on the friction surfaces. The appropriate coefhclents of 
riction depend upon many factors, and primarily upon the material and 
on’ ' - -j.*. 

n ^ = 0.2 

0 ( ^ , and for 

uid friction / <! 0 002 to 0 05 Rolhog friction is frequently characterized 
y the ratio of the coefficient of rolling friction to the radius of the rolling 
oember. This ratio is very small for hardened steel. 

4 Inertia loads are to be taken into consideration for all transient proc- 
sses (starting, braking, etc.) The following formula can be used to calculate 
le moment of inertia referred to the motor shaft (if friction losses are neg- 
Jcted) 

fc i 

here and == inertia moment and angular velocity, respectively, 
of the rotating masses 

m, and = mass and linear velocity, respectively, of reciprocating 
, masses 

0 ), = angular velocity of the motor shaft 
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Fig. 2. Diagram of a two-mass system with an elastic connection 


It usually proves sufficient to take the mass of the motor and operative 
rnoniber of the machine tool (spindle, table, faceplate, etc.) into account, 
neglecting the masses of the intermediate transmitting mechanisms. 

5. Reactions at the supporting surfaces are determined from equations of 
equilibrium. If nece.ssary, in solving statically indeterminate problems 
(referring to multiple-support spindles and shafts, straight ways and guides, 
etc.), supplementary deflection equations are worked out. 

It is permissible in the majority of cases, with sufficient accuracy for all 
practical purposes, to regard reactions as concentrated forces on the basis 
of the linear law of pressure distribution. If support surfaces are of compara- 
tively small extent, it is assumed that the pressure is uniformly distributed, 
i.e., that the resultant force is applied at the middle. 

6 . Forces due to starting and braking. In calculating starting and braking 
torques, the kinematic chain of the machine tool drive can be reduced, in 
most cases, to a design diagram consisting of two masses linked together by 
an elastic connection (Fig. 2). Then, if an external starting (or braking) 
torque Mu is applied to the mass with the inertia moment /j, and an addi 
(ional torque Min duo to the friction forces is applied to the mass with th 
inertia moment ./g, the motion equations in starting (or braking) can b 
writ ten as 


J i9i d- c ((pi — (ps) -f- k (ipi — (pa) = ilfi 1 

• • « * 

— c (ipi — ipo) — k (ip, — 92 ) = ± M 12 

whore cp, and (p, -- angles of rotation of the masses with inertia mom 
Ji and J 2 , respectively 
c — damping coefficient 
k — rigidity of the shaft. 

Ihe lower sign preceding il/fj refers to starting; the upper sign re 
braking. 
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\fter dividing the first of these equations by /j and the second by 
1 after subtracting the second equation from the first, we obtain 

(9) 

lere 'f’ = q>i — <P2 = angle of twist of the shaft. 

The solution of this equation for the case in which Mu = const and 
,2 = const IS 

^ = + + (10) 

lete n = \/ — ^ = natural frequency of vibrations of a two-mass 

‘ ' elastic system according to Fig. 2 

6 = value characterizing damping. 
iMaking the following suhstitntion 

-T(77T75 — ^ 


il;s5vl-Lc-«(C|amnf+CaCos?i0 (12) 

At the initial conditions i(1|«b= 0 and write 

C,= -A and C,~C 2 ^=-A^ (13) 

d equation (12) becomes 

ij’a«A^l~-^^(6sinnf+ncosnO] (1^) 

Upon introducing the values B and p, defined by the conditions 
6as — Fsinp and /i = BcosP 

d, consequently, 

B=sV6* + n* and taQp=— ^ (15) 

obtain 

if = A 1^1 — 5 ( — sm nt sin p -h cos nt cos P) J =• 

^ ^ 1 _ e-6< cos (n( 4 P)] (16) 

, in the final form, 
lere P = arctan ^ • 
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Fig. 3. Curve of the torque according to equation (19) 


If the ratio of the damping characteristic to the natural frequency 
of vibration .^—>0, then ^ P~>0 and then 

,j, =. (1 „ e-6( cos nt) (18) 

This equation enables the true value of the torque, transmitted through 
the kinematic chain of the drive during starting or braking, to be deter- 
mined. Thus 

Mt = (1 _ e-g' cos nt) (19) 

•’ll •'2 

The last equation is presented graphically in Fig. 3. 

Equation (19) can be used to determine the maximum torque developed 
in the kinematic chain of the drive in starting. Indeed, if damping is disre- 
garded (6 = 0), then, for starting, the last equation will be 

= (20 

If, for example, J 2 Ji (true for most of the heavy machine tools 

then 

Thus, the maximum torque developed in the elastic system of the dr’ 
during the starting period is twice the motor torque. 

The general motion equations of the drive given above are also applic 
in designing various units of the machine tool subject to transient proce. 

In calculations for strength, rigidity and wear resistance, a properly dr 
up design diagram, in which all the acting forces have been taken into 
sideration, enables the stresses, deflections and pressure on the frictio 
faces to bo determined, after which they can be compared with the acc 
standard values. 
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Fig 4 Elastic deOection of 
a Jsthe carriage s's load; 
3— loadjos curse, c>'Un)ca(Iln{; 


The rigidity of movable and fixed joints in 
the various parts and units of the machine must 
be taken into account in determining deforma- 
tion. In this case, the static rigidity of the joint 
(ratio of the load to the consequent deformation) 
and the general rigidity of the elastic sj-stem 
are usually assumed to be constant. This assump- 
tion is justified in practice hy calcnlations and 
experimental data (Fig. 4) showing the approx- 
imate linear relationship between forces and 
deformations in complex elastic systems. 

In comparing the values found by calculation 
with the permissible values, a factor of safety, 
or design factor, is introduced- This factor tales 
into account the degree of accuracy of the cal* 
culations. 

Temperature deformations arc determined for 
the working temperature which is found by 

solving the heat balance equation. . , , . ..u «■, 

A great many elements of machine tools cannot be calculated with sum* 
went accuracy by existing formulas. This is due, on the one hand, to mo 
extremely complex shape of many machine parts and, on the other band, 
to the comnUs system of actms forces and torques, and Iheir \ariation n 
value and direction durins operation. Therefore, to determine sufficiently 
Jependable and, at the same time, economical dimensions of s"* J’”"® 
•this heing of especial imporlancc in spccial-pnrpose and keavy macliine 

ools), recourse is had, more and more frequently in recent years, 0 erper 

menul investigations on scale models of the parts in question The res ,11s 
If the c.xperinients are then transferred to the part, using the „ 

he theory of mechanical similitude nhich are based on the veil km™ 
elationship between the similarity scales 

rhere ?. = scale of linear dimensions 
H = scale of masses 
T »= time scale 
ip s= scale of forces. 

The conversion factor for the renoired characteristic or 
the relationship hetucen the scales for the cooditioas ol tne vij 
■e determined on the basis of the corresponding 
of this characteristic. For example, the initial equalion for uen 
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the bending strain of a part, that can be regarded approximately as a beam, is 

d^i/ __ M 

dxi ~ h’l 


where y = f {x) --- equation of the bent axis of the part (beam) in x-y 
co-ordinates 
M — bending moment 

E = modulus of elasticity of the material of which the part 
is to be made 

/ = moment of inertia of the beam cross-sectional area. 


Hence, for the model (subindex m) 

d-!/m 


m 


dx^ 


and for the actual part (subindex a) 

d-t/g _ Mg 

d^g E,gl g 

However, since 

ya^'/^ym, Xa==.'t.Xnx-, iI/q = and Jg = /J>J„ 

equation (23b) can be written as 

1 d"'Jm '('•'tt m 






or 


d"Vm 






iSgl n 


(23a) 


(23h) 


(23c) 


and it follows from equations (23a) and (23c) that the scale of forces (p 
and scale of linear dimensions 7. are related in the given case by th 
equation 


If the model and the actual part are of the same materiab, then the lo 
scale fp = A selection of these two scales, independently of each oth 
restricts the selection of the material for making the model by the condit 

that E„, ^ ^ Eg. 

If these conditions of the experiment are complied with, the defle 
of the machine part will be y„ ~ where is the experimentally e 
lished deflection of the model in the same (homological) cross se 
In a similar ivay, using the law of dynamic similarity for parts 
can be treated as round shafts, the natural frequency of torsional vibr 
can be determined proceeding from the equation 

p d 20 
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ere 0 = angle of twist 

p = density of the material 
G = shear modulus of elasticity 
t = time. 

deuce, for the model and actual part, respectively: 



(25a and b) 


ing the scales into account, equation (25b) can be written as 
i O^Om _ 1 d-Qm 

)* t* tfl*, 


(25c) 


le the required relationship between the scales of linear dimensions ?. 
time T follows from equations (2.5a) and (25c), Thus 

‘'O' 

0 determine the flexural rigidity, expressed by tbe ratio of the force to 
deflection (dimensionality ol kgl pet micron), the couNCtsion factor \s 
; for the frequency of vibrations (dimensioDallly of sec'*), tbe conversion 
tor is T"*, etc. 

fumerous experiments have proved that the method of mechanical simu* 
lon gives sufficiently accurate results for practical purposes, for example 
predicting deformation of a designed machine part, namely its flexural 
> torsional rigidity, main frequency of its natural vibrations, type of 
'rations, etc. 

ingineering design procedures and methods, based on theoretical analysis 
I experimental research, have been worked out by ENIMS* for the most 
iplex and critical parts and units of machine tools, including beds and 
umns, slideways, roller ways, hydrostatic ways, spindle units with slee\e, 
.ifnetion, hydrostatic and aerostatic bearings, lead screws with ordmarj' 

1 ball-bearing nuts, etc. 


'Experimental Research Institute for Metal-Cuttuig Machine Tools (Moscow). 


CHAPTER 2 

DETERMINING THE PRINCIPAL 
SPECIFICATIONS OF THE MACHINE 
TOOL BEING DESIGNED 


2-1. Selecting the Maximum and Minimum Gutting 
Speeds and Feeds 


Maximum and minimum cultin? speeds and feeds, for machining blanks 
of the maximum and minimum sizes that are to be accommodated, are 
selected by analyzing the manufacturing process. In designing general-pur- 
pose machine tools, the initial data can he found in the manufacturing proces 
for typical rnorlrpieces that are to be machined in the given machin 
tool. 

The ma.ximum and minimum cutting speeds and feeds should be established 
for all operations vrith all the different types of cutting tools that are to be 
used. The aim of this process analj'sis is not only to determine the spindle 
speed and the feed ranges (kinematic features), hut also to find vchich opera- 
tions and machining conditions require the most po’-ver from the drive, the 
bigiic-st spindle torques and the maximum feed forces (povrer features). 

in designing machine tools, the maximum and minimum valu^ of the 
specifications are determined on the basis of the maximum and minimum 
values of only a fev; machining conditions, but ones taken from different 
operations. For instance, in designing a turret lathe, the maximum pover o 
the drive is determined for rough turning ~ith carbide-lipped tools; th 
maximum spindle torque for rough turning v.ith high-speed steel tool 
and the maximum feed force on tlie turret slide or saddle for drilltns at ma = 


mum capacity. 

Thus, the rnaxi.mum and minimum cutting speeds and feeds for van 
operations are determined by tying them in '.rith definite specification^ 
the machine tool. .\t the same time, it is necessary to take into considera 
possible future advances in machining techniques and improvement 
cutting tool design, making provision for them in the specifications o 
nr-.v maciiinc- tool. 

In assessing the ma.tirnum and minimum cutting speefis and feeds an 
corresponding specifications obtained as a result of such analysis, it i 
necessary to oive due consideration to the place allotted to* this m 
tool in the size range of the given group, and the possibility of mac 
vork of the maximum sizes v,i;h maximum cultinx speeds and feeds 
.'•djacent sizes of this macliine tool uroun. 


\n 
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2'2. Series of Spindle Speeds for Machine Tools 


The extreme values of spindle speeds and n„in can be determined 
ir machine tools with a rotary primary cutting motion if the extreme diam- 
ters djnax and to be cut are known, and the maximum and minimum 
utling speeds v„ax and have been established for the given diameters, 
bus 




lOCOrm.T 


and 


^mfn — 


lOOQPfTKn 


Then the range ratio of spindle speed variation is 


(27) 


'•min *"«'« “mm 

f is denoted by Up and * 5 ^^ 


(28) 

( 20 ) 


It IS evident that /?„ depends only upon the ratio of the maximum and 
ninimum diameters and cuttins speeds involved in machining. Making 
illowanccs for possible future improvements in cutting tool design and 
machining techniques, the value of fin obtained from equation (29) is 
increased by approximately 20 to 25 per cent. 

To machine work of any diameter d within the indicated limits with tiie 
most expedient cutting speed v, it is necessary tlial the spindle speed n =» 
_ 100 ^ ^ where v Is expressed in m per min and d in mm, in all cases 
This is only true for infinitely variable {stepless) speed variation, which is 
achieved by the application of a suitable mechanical, electrical or hydraulic 
drive of this type (see Sec. 4-6). In the majority of cases, however, modern 
machine tools are still being designed with a stepped scries of spindle speeds 

The problem of the most advantageous distribution of the spindle steps 
between the extreme values n„t„ and n^ox was first solved by Academician 
A. Gadolin {Russian Academy of Sciences) in 1876 on the basis of the follow- 
ing. He proved the advantage of using a geometrical structure for the spindle 
speed series, 1 e., one based on a geometri' 
the absolute loss of economically expedient 
lot all intervals in such a speed senes. Mon 

speed, A = for a geometrical series n is also a constant value since 

for a series (progression) ratio T = =* const. 


(AoWt 

" e '»i+i+"7 *P+t 


( 30 ) 
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If liic* maximum value of tlie cuffing speed permitted by flic whole complcx- 
of machining conditions including, in particular, tool life, is chosen as the 
desirable cutting speed v, then the absolute loss of cutting speed will he 

Av = v~vj 

and ihe maximum relative loss will he 


A 


max 


(— ) 

\ a / rnnx 


n^+1 




(31) 


or, expressed in per cent, 

Arnax = -^m% (31a) 

Thus, tlie maximum relative lo.ss of cutting speed depends only on fp, the 
constant ratio of the spindle speed series, 

.As has been indicated (p. Id), the formative capacity Q is defined as the 
area of the surface machined in unit lime, i.e., 


:t (Ins ~ iOaOsv sq mm per min 


where .<? is the feed, mm per revolution (in turning or drilling) 
or 

Tins --r. D~1 sv .sq mm per min (in milling) 
wliere B is the width of cut, mm. 

TJiereforc, at constant feed, the capacity Q is proportional to the cutting 
speed. TJic maximum relative loss of formative capacity for a geometrical 
series of spindle speeds is 

(32 

\ (J J v«tx t /mux '(' '■ 

and is constant. 

In Ihe rectangular co-ordinates d and v, a geometrical scries is depicted 
a diagram with as many rays as there are different speeds, and the followi 
principal relationship exists; 

nz = ni(f~^ 

where z — numhor of spindle speed steps 
H; ~ n,„ax 

fll “ 

Hence 


Bn 


=.fp- 


«1 

and a 


- 1 . 


1 + 




log /?„ log (/?nff.) 


log»p 


log'p 


A 


I 
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If 2 IS calculated from the last formula, the obtained value is rounded off 
0 a whole number, after which the range ratio of variation is correspon- 
ingly changed. 

In addition to its economical advantages, geometrical series of spindle 
peeds have other advantages that are of great importance in designing the 
lachine tool drive (see Chap. 3). For these reasons, geometrical series have 
5und wide application in machine tools. 


2-3. Standard Values of the Ratio tp. 
Standard Series of Spindle Speeds 

Standard ratios ^ have been established for standard series of spindle 
leeds in machine tools on the basis of the following; 

1, Two-speed three-phase electric motors are frequently employed in the 
nndle drives of machine tools. The ratio of their synchronous speeds equals 

for example 3000/1500 or 1500/750. Therefore, if the series of speeds has 
member n,, there must also be a member Ry = 2ns, In which case Ry « 
w’here £ is a whole number. It follows that 

» 2r, and qp « (35) 

2. In Soviet designing ofOces, account must be taken of USSR Std GOST 
)32-56 “Preferred Numbers and Series of Preferred Numbers”, as well as 
achino Tool Industry Standard Hll-1 which establishes preferred values 
d gradation of parameters in machine tools 

The secies of preferred numbers are in the form of geometrical progressions 
lose constant ratio must comply with the condition 

qisafni} (3G) 


lere £ is a whole number. 

Thus, standard values of tp must satisfy the conditions 

(37) 

rherelore, S, = 3£' and E, = iOE'. where « any whole number. 
Hence, and with the addition of the values ip^l 2 = 141,(f = (42 — 2 
I q> != l^Jo = 1.78, the senes of standard values of ratio 9, listed in 
hie 1, Were obtained. u ,, 

Standard Hll-1 permits derivative series to be drawn up by omitting 
lart of the values in the standard series. 

Utual spindle speeds may differ from the tabular values by not more 
n drlO (9 — 1) per cent. 
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TABLE 1 



LOG 

1.12 

1.26 

1.41 

1.58 

1.78 

2 


‘f/T 

f/T 


yi 

C'VV 


f/T 

SI 


^;/io 

“i/io 


f/ld 

j/io 


,1 1 100% 

— 5 

10 

20 

30 

40 

45 

50 

'f 









Series o£ geometrical structure, and the same values of the constant ratios 
are used for the numbers of full strokes per minute (back and forth) of machi- 
ne tools with reciprocating primary cutting motions and for feed series. 
It becomes necessary to resort to other than geometrical series %vlien their 
use is prevented by certain features of the mechanism employed to change 
the number of strokes or rates of feed (ratchet mechanism in the feed drive). 
This may also be necessary in complying with certain requirements such as 
the provision of a feed series for cutting threads in a pitch range. 


2-4. Choosing the Ratios for the Series of 
Spindle Speeds, Numbers of Full Strokes and Feeds 

After determining the ma.vimum and minimum spindle speeds (or num 

of full strokes per min) iij and n.. and consequently, the range ratio — 

for the machine tool being designed, it is necessary to establish s, thenu 
of speed steps (which is the same as choosing the ratio 9). The numb 
speed steps is related to the range ratio /?„ and ratio 9 by equatio 
from which it is evident that at a given /?„ value, the number of ste 
creases rapidly with a reduction in <p (Fig. 5 ). Thus, in selecting fp and 
necessary to find an economically expedient compromise between the 
to reduce losses in culling speed by making more steps and thereby 
eating the construction, and the effort to reduce the cost of the mach 
by keeping its construction as simple as possible. A final decision 
take into consideration the following: 
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Ig 5. nplatIon<hip bctnean the sp(>p(i range ratio, number of speed steps and the pro- 
gression ratio of ilic speed series 

1. In the great majority of general-purpose machine tools \4ith stepped 
eed variation, the use of a ratio ip =® I.2C or 1.41 leads to quite satisfacto- 

operation 

2. If speed changes are to be made in the drive gear train by means of 
lango gears, then the value (p = 1.12 or 1.20 proves satisfactory for machine 
ols intended for lot or mass production (automatic and semiautomatic 
ichine tools). 

3 A geometrical scries has an excessively large number of steps in the 
'h speed range (used mainly in machining small diameters). Indeed, the 
iximum diameter interval Xj, accommodated at a constant cutting speed 
two adjacent members (steps) of the speed senes (Fig 6), is 

- = ^ (1 ( I _±) d,.,A (3^1 
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Fig. G. Diagram referring to equation (3S) 


If, Id avoid a large mtmher of Pleps in the series, the diameter interval 
Tj is taken so tiiat it is not less than the interval Ac/ of standard bar stock 
diameters or of tool sizes (for instance, drills), then 


from which 


T) — dj^iA >M 


(1 


j-i 


Sd 

.! 


«r 

•i-t 


Ad 


m 


Tliis last equation enables us to find the minimum diameters of barstoc 
to be machined anil of tools to l»o used in machine tools with various rp va 
ines and. conversely, the minimum values of ip that can be assigned to machit 
tools with various minimum diameters of work to be machined. Therefor 
large ratios (ip -- l..')8. and sometimes »p = 1.78) are used in small machi 
tools which accommodate small work diameters, while smaller values (ip 
1.20, (p 1.12, and sometimes ip - l.UG) are used in heavy mad 
tools. 

1 . ft is good practice to select a tminhcr of speed step.s c having the fa 
2 and so that 


where Ei and are whole numbers. 

Thi.< requirement is met hy the values; c --- 2. 3, h. 0, 8, 0. 12, I 
2’t. 27. 82 ami 8tj. The most frequently used values are 

; 3, i. 15. S. 12, 18 and 2^i 

Tin- reasons for making this requirement are imiicated in Chap, 
lire not valid wlien sjieeds are changed by means of c.hrmge gears. 
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Machine tool industry standard HH-1 recommends the ratios <p = I 2G, 
.41 and 1.58 for speed and feed series in desliniing machine tools. 

The range ratios ol spindle speed variation Ii„ and feed variation R,, 
nd the number of steps of main drive speeds z and of feeds s, may vary 
.'ilhin quite large limits. For each type and sire of machine tool the values 
f these specifications depend upon the purpose of the machine tool, the na- 
ure of the manufacturing process, the type of cutting tools to be used, and 
specially, upon the required degree of versatility. The more versatile the 
ew machine tool is to he, the more ditterent types of tools that ate to be 
sed (carbide-tipped, high-speed steel, and ceramic tools), the larger the 
ango ratios and R, must be for efficient operation. The influence of these 
actors can be demonstrated by the fact that in cylindrical grinding machines, 
T example, in which v ^ const and the wheel diameter varies w’ithin the 
mils Rd ^ 2, the wheel spindle speed range ratio is ^ 2, while in 
orizontal boring machines the range ratio of feed variation is, on the contra* 
V, very large, reaching values of Rt 1000 in certain models, and sometimes 
lore. 

In most cases, s 30 in machine tools wilh a rotary primary cutting 
lotion if a variable-speed dri\e (with infinitely variable speed variation) 
as not been used. The same is true for the number of feed steps (z, ^ 3C)| 
iglne lathes designed for cutting threads of various pilches have feed mecha- 
isms with Zf = 48 to 60 and more. 

“ . . . . • - Of of the ^\orklng 

primary cutting 
ools with a rotary 

rimary motion. 

The values of R„ Rt, z and z, should be much smaller in specialirod and, 
1 particular, special machine tools, than in general-purpose models 


2-5. Determining the Power Rating of the Electric 

Motor 

It is often very difficult to determine the power ratings of the electric 
lolors of a new machine tool. Tins is due chiefly to the lack of sufficient, 
ita as yet on such factors as: (1) the laws go%-enung the cutting and feed 

• ’■ • '' during transient operation 

' • tool operation, especially 

n the drive, especially at 
gh rotatio*nal speeds. Hence, the useful power of the dri\e and the required 
iwer rating of the electric motor cannot always be established with sufficient 
curacy by calculations. In some cases, the rating must bedeterminedexperi- 
entally or by analogy with the power rating of existing machine tools 

3- 
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The required power of the main drive is dclermincd on the basis of the useful 
power, calculated for the most effective cullin" conditions. Useful power 
is calculated for the piven operations in designing special machine tools, 
and for several workpieces, typical of those that are to be machined, in 
ilcsigning single-purpose moilels. In designing general-purpose machine 
tools, the useful power is calculated for the maximum cutting speeds and 
feeds. Since the operating conditions of general-purpose machine tools of 
tlie same model may differ greatly in different manufacturing plants, the 
required power is also determined by correlation with tlie power ratings of 
several machine tools of up-to-date construction and near to the macliine 
tool being designed in type and size features. 

The required power rating of the electric motor is determined from 
the estuhiished useful power N by the relationship 

Nf - iV -i- rV„, -r ( 42 ) 

where N/ is the power lo.st in overcoming friction. iVy is the sum of the con- 
stant no-load power .V„; which under load is equal to the constant part of 
the whole losses, not depending upon the load, and the power jVq which 
represents the additional losses that depend upon tlie load (loading losses). 
The total efficiency of the main drive is 


cm 

and if i] is known, the power of the electric motor can he determined from 
the equation 

A om ■= (‘l4 


'fhe efficiency q varies with the useful load, speed, kinematic arrangenie 
of the drive, construction of its elements and the quality of their manufn 
lure. Tlie influence of some of these factors can bo scon in Fig. 7 which sho 
experimental values of q cditained by G. Levit for the drive of turret lal 
model IMiUl, as a {unction of load, spindle speed and the speed of the in 
shaft in tlie speed gearhov. 

To iletermine the nujuired power rating of the drive motor, it is siiffi 
to know the efficiency q corresponding to full effective load on the Icincn 
chain. In the absence of e.xperimcrilal data, a tentative estimate of q 
lead to errors which are especially large in the case of high-speed ma 
tools > lOnt.i rpm as the dc.sign speed). The total efficiency 

range from 0.7 to O.^o for macliine tools with a rotary primary' 
having a single-motor drive. 

-V rough estimation of the efficiency of a macliine too! drive can he 
if the efficiency is arbitrarily defined as the product 

h ■ hOhh-i • - • l ltb 




unTcn.'tiNrN'O pniN'ciPAt, spr.cirrcATiON's in' dhsign 


oS 


Hence 


/V — . 

- > cm — 


-f *V„; 


( 47 ) 


Accnrdin" l.o expcThnenlnl dnta t]" = 0.88 to 0.90. TJio no-loatl power 
A',,; of ecar (lrivo.‘:. not dependent upon the load, can he determined by 
means of an empirical formula proposed by G. Levil (see p. 75). 

Formiiia (47) enables tiio power rating A'^m determined, not only for 
various spindle speed.s, but also at various values of the useful power A", 
i.c.. at conditions when the spindle drive is underloaded. 

If the motor is to power several kinematic chains of the machine tool, 
then its rating is 


A' 


vrn 




( 48 ) 


where .Vj -• effective power required by the final inemher of any one of 
the kinematic chains 

qf ■" efficiency of this chain, taken equal to 0.88-0.90 or determined 
by e.xperiinents. 


If the right-hand side of the last equation refers to the jiower roquirernent 
of the feed drive in lathes, drilling machines or grinders, it is so small that 
It can ho ncglccled. 

The power requirement of a feed drive can be calculated from the feer 
force Q and rate of feed /•,, taking into account the efficiency, which is sel 
dom very large for feed drives (of the order of 0.15 to 0.20, and .sornetim 
even less). Feed forces can be calculated by the following practical formula 
recommended by machine tool industry standard ]148-f)l and derived 
D. neshetov and G. Levit: 
fur the saddles of lathes with voe or combined ways 

(IK^-G) 

for the saddles of engine and turret lathes, and the tables of mi 
machines with flat ways 


for the tables of milling machines with dovetail ways 
(>-W./G-:-/'(/',-.;.2/^„-uG) 
and for the spindle^ of drilling machines 
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re Px, Py and P^ = components of the cutting force 
G = weight of the parts being traversed 
Ml = torque on the spindle 
d = diameter of the spindle 
/' = coefficient of friction in the ways 
/ = coefficient of friction between the spindle quill 
and its seat in the spindle head, and in the spline 
fittings or keys and ieyivays of the spindle 
k = factor taking into account the influence of the 
overturning moment. 

he following values can be taken, assuming normal lubrication; k =■ 1.15 
/' = 0.15 to 0 18 for lathes with vee or combined (vee and flat) ways; 

1.1 and /' = 0.15 for engine and turret lathes with flat ways; k = 1.4 
/' = 0.2 for the tables of milling machines, and / = 0.15 for the quills 
Irilling machines 


CHAPTER 3 

DI'N'ELOPING THE KINEMATIC SCHEME 
OF A MACHINE TOOL 


3-1. Determining the Transmission Ratios of the 
Mechanisms in the Kinematic Chain 

Principal Kinematic Relationships in the Spindle Drive 

Iho kinematic chain of transmission in tlie spiiuilo drive should provide 
a irradalion of spindle speeds n in a "eoinetricnl series (progression) witii 
tin* selected progression ratio <f> and tlie given mnxinniin and minimum speeds 
/jj and - rt.. .^^ctllOl|s for solving tliesc prol)lems are based 

on l.inornatic calculations. 

Any regularity in the series of speeds « is the result of a similar regularity 
it! the series of transmission ratios i in the drive. 

If spindle speeds are nhtained Ity means of only a single transmission 
group, i.e.. hy making engagements between sets of simple trains arranged 
on fsvo shafts, any series of spindle speeds can be produced by selecting the 
ciirrespotiding series of Irnnsinission ratios for tlie trains of the group. 

However, if the different spindle speeds are obtained hy consecutive enga- 
gement of transmission groups, the drive Iteing through a compound train 
only ii geometrical series of speeds can ho sot up (Fig. !)). 

This method of speeil changing enaldes: (1) the ntimlter of spindle spec 
step,' to he increased. (2) the range of drive variation to ]»e e.xtendcd and (' 
the number of simple trains, required to nhtitin tiio speeds, to be reduce 

1 hese .'ulvantages. iniierent in tlie design of n geometrical series in addili 
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■> its economical advantages, have made this series of spindle speeds the 
rincipal one used in machine tool engineering. 

1. dumber of speed steps. In obtaining different speeds by consecutive 
agagements of transmission groups (Fig. 9), the number of simple trains 
■ each consecllti^c group being denoted by p„, pt, pe • ■ the number of 
)indlc speeds z is equal to 

i~PaPbPc Pr (53) 

For example, for the drnc arrangement shown in Fig. 9 
’ = PaPbPe — 3 X 3 X 2 = 18 

2. liange ratio of speed variation in a drue. When consecuti^e chains of 
ansmission are engaged, the total transmission ratio of the drive is equal 

the product of the transmission ratios of the simple trams that make up 
e drive. Thus, applying this principle to calculate the maximum and 
inimum transmission ratios, and of the drive, we obtain 

Iffid* = math maxh nut • • • tem^x (54) 

d 

••• irmln (®5) 

lere the 8ubinde.x a refers to Pa, subindex b to pb, etc. 

From this it follows that the range ratio of the drive is 

/? = = ... /?, (5G) 

'i/nlft 'min 

lere Ha = *-'"'** , and similarly, Rb and J?* are the range ratios of the 
nsniission groups. 

^ Setup equation of the drive The possibility of using consecutively 
'aged multiplier transmission groups for changing speeds is a most impor- 
it property possessed only by geometrical scries of speeds. Therefore, the 
lematic conditions for changing the speeds of such drives are governed 
the kinematic properties of the multiplier transmission groups 
I'o reveal these general properties of such groups, let us assume that 
earbox with a range ratio of speed variation Rgb is Jinked into a tram 
•implc constant transmissions (Fig. 10) so that the spindle speeds can be 
nged in a geometrical senes within this range from Oj to n* 
le.xt, we add a senes of transmissions (2, 3, . p) to one of the simple 

ismissions (transmission 1 in Fig. 11) to extend the senes of spindle 
nds, thereby forming a multiplier transmission group with the ratios 
ij, ig, . . ., ip. When the transmission with the ratio ii is engaged, ibe 


ni:vi:t.ot‘iN-o kim'.matic scHr.Mr or .MAcniNC tool 
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I'i;;. Structural diacrntti of a Fijr, 11. Inlrmhiclion of a multijilifr 

(Irivo witli the raii'.'c ratio lift, ^roiip of p trnn?ini.‘?ion.« for estnndine 

tlic raiice ratio oftlic drive heyond /f-i, 


speed }.;enr!) 0 .\ can clianec Iho spindle speed.s nj in the gconiolrical series 

n,.; {o7) 


T.t I'vlend tfiis series of speeds, \vc change over the inulliplier group from 
Iransifiission / lo transmission 2. after which we can obtain the following 
members of the geometrical speed serie>; 

77;.^, . . 7/^/, 

Hence 


(; 
• 1 



ri, ■■ n, 


~ Kr’JP 


(59 


i bus, to furl her increase tlic spindle speed in a geometrical serie.?, a no 
ernragement is maiie in the multiplier group only after utilizing all thespe 
changes available in the gcarbo.x with the range ratio This requi 

t!ie following rolation.-^hip between the ratios of the transrni.s.sions in 
nnilliplier group; 

^ * Z ■ * 3 • * * • • * . , t /i [y „ f : J 

- 77. ; 7j,/^,.iq ; 71. •• 7ti : • • - : 77^ (/fo/i )' -7 

I ii»*-e r'daliori'jhips are shown in Fig, 12 wjiere t!io speeds are plott 
a lognrilUmic scale. The intervals between the lines indicating ad‘ 
.spec js are equal to log ip, while the interval between the lines / 7 ., a 

tuu.!l to log — log rii -= log iog /Li., is tbo range ratio 

gc.srbov, ileuci', the ratios of liie transmissions in the multiplier grou 
up 7* g'-ometrirril .series of transmissions with the progression rati 
■ g/L>.. Thu.s 
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■where is the range ratio of the whole complex of 
transmissions, in reference to which the given group 
IS a multiplier one and therefore the consecutive one in 
the Ivinematic order in which the groups are arranged. 

Since, each group of transroisaions is a multlpUct one 
in reference to the whole complex of transmission 
groups that precede it kinematically, equation (61) 
expresses the main general law for setting up all group 
transmissions in the spindle drive. 

4. CAarac^eris/tc of a transmisston group. The progres- 
sion ratio of the scries of transmission ratios in a trans- 
mission group can be expressed as 

= (62) 

whore Sj, is the number of speed steps in the w hole com- 
plex of transmissions with a range ratio kinemat- 
ically preceding the given group. The exponent x is 

called the characteristic of the group 
In this manner, the characteristic of a group is equal to 
the number of speed steps of the whole complex of traus- 
mission groups kinematically preceding the given group, p ^2 Dlaeti 
The general setup equation for group transmissions reumng ’ to cqu 
(61) can be written as tioti tCO) 

I, Kalla (C3) 

The first In the kinematic order of group arrangement— the so-called ma 
group— is a multiplier group in relation to the whole complex of simp 
transmissions, giving Sn — 1 , and consequently it 2 ^ = 1 . 

In the second group of transmissions (in the same sense)— the so-calb 
first extension group— =» Pt and z- — pi, where pt is the number of Iran 
missions in the main group 

In the third group of transmissions— the second ertenston group— = ■ 
and X 3 1 = PiP 2 « where p* is the number of transmissions in the first exlensic 
group, etc. 

Equations (61) and (63) can be used to find the ratios of all the transmi 
sions in a group if the ratio i of one transmission is known 

5 Formula for the structure of the drive. To apply the setup equation (63 
it IS necessary first to deternijne the chataclenslics of all the groups am 
therefore, the place of each group in the kinematic order of arrangemer 

and the number ‘ ‘ ch precede it kincmaticai 

ly. Theieiore, in number z of speed step' 

it proves conven ' . V number of the groii; 

in the kinematic order of arrangement and to arrange the groups in tins for 
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iiiiiia ill iho satiu' onlor a? tlicy are acliially arranged along the Iranstnissinn 
train from the motor to tiie spindle. With this notation, formnln (53) is 
ronverted into the formula for the structure of the drive. 


Analytical Method of Dotormlnlng Transmission 
Ratios 

The initial data in kinemalic calculations of a spindle drive are; scries of 
spimile speeds n with a deliniie protfression ratio rp of the series of transmis- 
sion ratios and a definite numher z of speed steps from •- nj to 
and the speed Vf,,-, of the electric motor. 

In accordance with tiiese initial data, the following are set down tenta- 
tively: formula (oil) for the structure of the drive; number of simple transmis- 
sions required for the construction of the drive: and their arrangement among 
the group transmissions, d'hen a kinematic diagram of the drive is drawn 
iind used as the hasis for calculations during which it may lie necessary to 
make corrections in the diagram. 

Stnndnrd IraiiFniifnioti ratio. Standard speeds (according to machine tool 
industry standard Illl-I) should ho assigned, wherever possihle, to all shnft.s 
of the drive. Since all standard speed series are contained in the finest serie,s 
(with <j -• 1.0(5), then, in the general form, the standard transini.ssion ratio 
of any iransmi.<sion in the drive can he expre.sscd ns 

1.0(5-^' (01 

'.Nhere 1' is a whole numher. 

Ik'ilcnintions are simplified if all transnii.«.sion ratio.s arc e.vpresscd in fern 
of tlie progression ratio q of the series of spindle speed.s in the drive heii 
designed. 

f.tritiliui; tntnsriiiF.<ioi! rulins. To .ivuid excessively large diameters of driv 
gears and a consequent increase lu the radial overall dimensions of the dri 
it is general practice to limit the Iraiismis.'-ion ratio of gears in a gear 

by the value jj,,. r. 1 lie maximum transmission ratio assigne 

") r 

0. for spur gearing and n... ^ ^ fuf helical gea 

lalue If.,,..; m.iy be permissible in small machine tools in 

of smooth rotation of ilic driving shaft (electric motor shaft or a shaft 
through a flevihle coupling from the electric, motor). 

The accepted range for feed gearhoxes {witli slow gearing and small- 

. . J ^ s 

X* V 5.^ ^ i • , 



S-J. UEISnMiSJSO TnB TBV^S»1S3I0S' RATIOS 45 

Thus, the limiting maximum range ratio in a Iwo-shafi group transmission 




(fio) 


necessary to obtain a larger range ratio in a group transmission 
(10 or 12 as an extreme case), extension deiices with consecutive engagement 
of reiluction transmissions are used. 

The ratios of thr transmissions in the drive are determined as IdIJotvs: 

_ 1. The characteristics of the group transmisstons are calculated by formula 
(53) for the structure of group transmissions. 

2, Using setup equation (63), the relationship is determined for each group 
of transmissions between the transmission ratios of the group transmissions 
so as to obtain a gradation of spindle speeds in accordance with the given 
geometrical senes 

3. The minimum transmission ratio for the whole drive is determined. 
It is expressed m the form of the exponent of (he progression ratio 9 ol the 
series nf spindle speeds. Thus 



Exponent q is tak-cn from the tuhte HI 1-1 nhich lists standard series ofnuni' 
bers to be used in machine tool engineering 
4 Taking into consideration the values and ima* //«. m wril as 

the features of the various simple and group transmissions, the transmission 
ratios of the simple transmissions and the minimum transmission ratios 
of the group transmissions are assigned, m accordance with equation (35), 
in such a manner that their product is equal to imm for the whole drive. 
To this end, all the transmission ratios are expressed in the form 1 — <f '' 
so that in equation (o5) the algebraic sum of the exponents U is equal to q 
5, Having thus obtained the values ii = for all group transmi'Siori'- 
tho values i for the other transmissions of each group are found by the 'i->' 
of equation (63). 


Stmigraphieai Methatf sf OeteiRiinlng Tran»mifiion Ratio* 

It i? evident from the foregoing that the transmission ralms. their 
tion and the speeds of all the shafts in the drive can he e\prf"«d m the U'lm 
of powers of the progression ratio 9 for the series of spmdle spied' ^, 'j’iy 
the kinematic linkages of the drive can be conveniently .}up..i>--f gt.ip iic 
on logarithmic scales with a constant interval bclwet-H .I'ij.itPid }'<' i 
the scale equal (0 log 9 (scale division vaJuci 
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Fig 13. Structural diagram of th«i drivo abown In Fig I'l 
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Next, ’.vf‘ (Ir/iv,- llip ray;-' for fiio trnn5nii??ion? f*f irroiip traosniipsionh, 
tiif; ranc:e ratio? Vpprp.'Cntpd in (he stntcdiral diairrarn (Fijr. i3) hy 
(he niirnhf-r? of lo^ >i interx-aF. All of (lie?e ray.? are located within the 

limit? /rx.r Urn ^ ^ <('. In ?elfc(intr (he value > J,; (i.e., if (he ray 

of till? tran?mi.??ion .spanned le?? (han ?ix intervals) the ray of lransnii?sion 
would (hen spnit more than three in(en,‘al.s, .so that i r^tin iltr, 

2. v.-hich would he und(-?irah!e (.see p. d^f). 

'ilie .structural diagram is em}df»yed to romplele the .sjK'od chart. Thi.? 
i.s done hy siiporifnposint; the zone of each proiip with the corre.spondino 
zone of the ciiart .so that (he lower ray of the Jietwork coincides with the ray 
of (he transmi.s.siori train, hut with thedistance.s between the end.s of the 
ray.s remaining the .same as in thestriictural diairram {compare Fit.;?. 17 and Fi). 

Thus constructed, the clmrt rejirc-sents the eniraKement.s of all the grrmp 
Iratismis.sions for all speed.? of (he spindle (and of the .shaft.? in the drive) 
with constant relationships between the Iransmi.ssion ratios required to 
<d)lain a geometrical scries of spindle speeds. 

A speed chart contains ail the data of a structural diaorarn and. in nddi* 
lion, it reveals the nnmher of simple Iransnussions re((uired for the de.«lj'n 
layout of the drive and for reducinj; thesj)eed from that of the motor to that 
of the spindle. It also shows the relative position of the simple transini.s.^ions 
in reference to tlie proup transmissions, tlie ratio? of all the transridssions 
and of the winile drive at all spindle speeds, and the speeds of all shafts of 
llie meciii'mj.sm for all the po.??ihlo ent'aeements of tin* itrouji transnuT.sions. 

Thus, the sjseed cliart cemtnins the structure of the drive, all kinernati 
(iata expre=scil in terms of the pro"re.ssion ratio <j of the series in a comprehei 
•ove and convenient form. 'J'hese cojistitnle the (.'real ndvnntapes of tl 
sejiiiyraphic.al method of calculation in machine too! desijrn. 

i'he analytical method of kinematic calculations, is employed in resear 
and for tentative ralculation? in studyini' the different po?.';ih!e versi 
of the drive. 

I he tune required by c.alculattons iisini.! (his ir.elhorl can he siihslanti 
rciiuo i! by efficiejil applir.-aim! of siandar<! HI 1-1 to espre.?s the ran'ie ri 
.'■.mi ttanMJim-ion r.'tio-.- jii term? of powi-r;- of j>ro:,>re.v.;ic.n ratio q . 

3-2. Selecting the Transmission' Ratios for Drives 
Povrered by a HuUiplc-Spccd Electric Motor 

,MuUi;de-:'pr''d Mpiirrfl-r.i^'e indnetion motor? ,'iid sliunt-wound d-c 
find app!icat!«m in drive- with sleppeil spindle sjimd variation. Th 
are freque.'itly toed witls a yencr.atr.r'ieotor {adjiietahle-jmtential o 
Le.m.rrd) system, mainly iti heavy meditne too!.?. Thr u.«e of a multi 
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electric motor enables the mechanical part of the drive to be simplified. 
Phis siinplihcation, however, does not always economically Justify the use 
)f more expensive multiple-speed motors. 

The possibility of chan^inc speeds while the machine tool is running is 
. great advantage of multiple-speed motors Consequently, they are often 
sed in the drives of small machine tools in conjunction with transmissions 
hat can also be rapidly changed over w'itliout stopping the m.ichine tool 
gearing in which speeds arc changed by the engagements of mechanical, 
jlectromagnetic or hydraulic friction clutches, variable-speed transmissions, 
;tc.). The aim of applying such arrangements is to reduce the handling time 
vhen the machining time is \crj' short, and also to automatically change 
.pindle speeds and rates of feed during the working cycle in automatic ma- 
hine tools of various sizes 


s 

f the series of transmission ratios qpp = <r«m. 

Induction motors, for whose synchronous speeds ipem const, do not 
ermit a general solution when combined with a speed gearbo.ic and are not 
0 be considered here The following equation must hold true Isee equation 
32)1 In order to obtain a geometrical series of speeds: 


<pp»<p,„ = <r» = «f 

om which 

;■ = (67) 

hero Sft is the number of speed steps In the whole complex of transmissions 
I the groups preceding the electrical group in the kinematic order of group 
rrangement. . , 

If Zfi = 1 and <pem = «p, the electrical group is the mam one. This is the 
se for shunt-wound d-c motors when positions oI the adjusting device 
contacts of the speed-adjusting rheostat) provide a gradation of motor 
)eeds with <Pp ~ ‘T- case. = pi = 11 and Btm = 1.12^® = 

3.15, and the motor is combined with the mechanical part of the drive 
usual on the basis of equations (53), (63) and (67) 

For an induction motor with <fp = g'ein = 2, 


In order that z* = 1 and the electrical group he the mam group, it is 
“ce^sary that «P = 2. This is seldom the case in actual practice 
At the values cp = 1-26 and (p = 1 41, the last equation gives z„ = a:*™ « 
3 and 2, respectively. In these cases, the electrical group ser\-e8 as the 

4* 
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I'liT I'' HUiirlur.il iii!it;r.im <>f a drive willi a lliree-.'-ju'cd tdeclrir iiiotor .‘•■'•rvijij: the 

uttitip: 

(1) iit <7 S-'J*'-: (') at c i.u 

lirr'l oxU'iision ttriHiji (a< in most (rotjui’iilly Uio caso) Jin<l tli(‘ iiia'ui tiroiip 
shonlti iiavo /i, - for (p ■■■ 1,2() or ps - 2 for - l.'il (Fit'. 18rt atid 
If.-:-; ohtaiiH'tl from equation (f’lS) i.s a value tlint can ho expanded into two 
factor.-' (for example, Zj, ~ ~ A or (> for q* | 2 ' • 1.10 or q’ •- j' 2'" 

•1.12) twosolutiim? are possible, namely x,.,„ p, for the procedint' case, 
and - pip«. in wliich liie electric motor i.s the second o.xtt.'Usion t;roup. 

Till* hinemalic possibilities offered by the application of mulliplc-.speed 
induction motors can be substantially e.xlended liy nsint,' nommiform ['roup.'''. 
Such qroup.? are formed by combinine; twopronp.^ that are not adjacent in tb 
Icinematic order of arrangement-— the second extension anil the main proup.’ 

■I he combined ttmiip (.‘•'ee p. fi?) is shown by dasbcil rays in Fi". lUo and 
In the initial nttiform slniclnre, the electrical qroup may be the hr 
extension qroufi with p.-,, p« 2- if it is arranged as the first "roup 
the desitTfi. In this case, fiermile distanci'-; between the ends of the rays 
be eslabli'^bed for the nonuniform irroiip (I'iir. 2ila and h). 

If a nonuniform <.'ronp is combined with a mulliple-speetl electric in 
tFe.r. 21.'! and !/}, the structure of tlie drive is consicierably simplified fi 
ctally in .<mall fiiith-speed maebine tool-; requirin'' a .small det'ree of 
rediirtioii), Tbiis, in place of the three irroiips jn the .strnctnro sbox 
Fiq. !'.h! and l>, only on<' qronp of medianical tran.smi-sions is req 


Structure* Oetiati.ng from fiornal Uniform 
Structure 


It bdlov.s from equatiou ((i2) that for the la 
'd tran-misrions. the cbaracteri-lic is 


-t extension eronp, c 
' PlP^Ps^ ’ 
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FiZ> 19. Construcuns Ibc tone of a noDUDiform group: 

(a) for a group of a>x transmusioos, (b) for a group of tour trannaUsion* 



i')g 20 Zona of a Doaumfonn group 

of six transmissions, (b) of four trsosmlssinnr and wltb a t«i>spced tieetric motor as ttae lirst 
exlcnsiun group 



i 21 Structural diagram for a cooiMnation of a two-speed electric motor with a non- 
■ uniform group: 

(a) Of six transmissions. (6) of four transtnisslons 
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mploying: (1) overlapping (repetition) of a part o! the spindle speed steps, 
’) drives with a broken geometrical senes, and (3) drives with a combined 
tructure. 


Overlapping speed steps. Two methods may be used to increase the range 
atio of a drive above the limiting value Rj,. = — by overlapping a part 


jf the speed steps. 

The first method consists m reducing the characteristic of the last exten- 
ioQ group by several units in comparison with the calculated value. At a 
number of transmissions Pnj = 2 in the last extension group (more advanta- 
■'eous than when Pm — 3), with a range ratio in each of the groups of the 
irive not exceeding flum =* 8, and with the total number of transmissions 
in the groups being only one more than the minimum number of transmis- 
sions for a normal uniform structure, a maximum total range ratio of the 
Irivc equal to i?ma* ^ 400 is obtained for q> *= 1.26 and for the maximum 
number of speed steps s « 27 (Fig. 22a). Likewise, R„ax si 360 is obtained 
for <p =s l.4l and a number of speed steps s = 18 (Fig. 22£). 

In the second method, the speed steps arc overlapped by a shift of the 
series of speed steps when engagemenU are made in the transmissions of the 
shift group. To obtain a sufficiently large number of speed steps (up to s =• 24 
at fp = 1.26), the total number of transmissions in the groups are increased 
by four or five transmissions in comparison with the normal structure. 


Broken geometrical scries. Academician A. Gadolm proposed the geometri- 
cal series of spindle speeds for machine tools (see p 29) on the basis of the 
equal probabilitv of operation at all spindle speed steps within the whole 
range of variation. To adopt the spindle drive mainly for the machining 
of medium-size work (m reference to the capacity of the given machine tool), 
and taking into consideration the possibility of handing over work, near 
to the limiting sizes (maximum and minimum), for machining in machine 
tools of adjacent sizes m the same size range, a broken geometrical series 
is employed with a progression ratio Ti for the middle speeds and with 
<r, > g* for the extreme speed steps m the range of speed variation. This 
reduces the number of speed steps and the number of transmissions (in compar- 
ison with a normal uniform 


steos with the proc’tession ratio ipj. we engage a multiplier group of two 
traMmiMions havins a characterialic i'. referred ro (he progr«sioa ratio y, 
of such a value that a symmetrical broken senes is obtained (Fig _23) which 
has (u -h 1) middle terms with the progression ratio ip, := Ktpj 
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The range ratio of the drive (see Fig. 23) is 

= (73) 

•om which 


id 




* =2ft 7 


{7/.) 


The number of speed steps in the drive is z *= 21*, since two transmissions 
ive been accepted for the multiplier group. Hence, z* == v ^^d the last 
juation can be written as 

(75) 

The characteristic of the multiplier group can be found from these equa* 
ins. 


Maximum range ratio of a dri>e, faking Ihc limiting transmission ratios 
fo eonsidcraWon. When tno transmissions are provided in the Jast eiten- 
in group, the maximum range ratio in the whole complex of z* speed steps 
th a progression ratio <f2 is limited by the value (sec equation (72)1 

suming that C = «p 5 ,'then q?'* 


and 

z*<2r 


(7G) 


The limiting range ratio for multiplier groups consisting of two 
nsmissions is 


limui ^ srf < ^ = ‘FS 


m which 


a:'-<r 


Jpindic drives with a combined stmcfurc. A combined structure consli- 
es the sum of the structures of two drives, one designed for the higher 
I the other for the lower speed slejs. , . , 

be structural formula of a combined drive is of the form 
, = z,(j- + 0 
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icn equations (80) can be written as 



.. _ fcA 

oj+bj 


( 81 ) 


Hence, it Zj and z] are to be tihole numbers, it is necessary that be 
multiple of the sum aj -f- 6/ 

In a group consisting of p gear transmissions with transmission ratios 
= where; = 1, 2, 3. . . p, the minimum sum Si mm of the number 
teeth of any pair of meshing gears is equal to K, the least common mul- 
plc of the sums 

+ bi. Oi l>zi Uj + bj, . . . , flp + tj, (82) 

St ml« ** A 


If, for the value S, „in thus found, the number of teeth of the pinion 
mailer gear) in the transmission with » = i|. i o , for a number of teeth 
ss (using the notation given above), is jnadmissibly small, 

e number of teeth of this gear is increased by a wliole number E times 
that an acceptable value is obtained. Thus 

= (83) 

cordingly, the sum of the numbers of teeth is 

Si^E$im,^=^EK (85) 


Another factor that must be taken into consideration m solving such 
oblems is the maximum permissible pciipheral speed oi the larger gear 
iich, at a given maximum rotational speed, is proportional to the pitch 
ameter of the gear and, consequently, to Its number of teeth 


Example Determine the Dumlers of teeth of the •) 
ciCed by the zone of a speed chart shown in Fig 23 It 



1+2=3 

7-{-tl=18 

4-i-5=3 


the transmissions of a group 
s evident from the chart that 


Least 

common 

multiple 

K=3x3x2 = l8 



-r-iiTio 



^ K = 

ior Si !«>’’* 
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■ears in certain transmissions of the group may differ. The centre-lo-cenlre 
istancc is 


2c«p, 

The numbers of teeth of meshing gears arc 

2x1 . j . 2-1 

i ■" and Z ) — ■ ■ ■ “r — 

•' ^ «/» “i^bi 


(sr.) 

(87) 


There can be two principal cases. 

1. If it has been specified that P/ = const = p (in case llie helical gears 
•e to bo cut in a gtar shaper vvhich has only one helical guide, or «t is unde- 
rable to change the guide), the sum S, of the numbers of teeth on the 
esbing pairs of gears is found as a value nhich is a multiple of the sums 
+ bj. Then St is used to calculate the ccnlre-to'cenire distance and num- 
:rs of teeth of the gears by the equations 


= = ""-I 

^cosp’ ^ 


( 88 ) 


2. If the centre-to*centrc distance A is given, then K, the least common 
ultlple of the sums a, + bj, is determined. A corresponding sum of teeth 
] = KB} IS taken for eacli transmission of the group, the ^hole numbers 
being selected in such a manner that in calculating the required angles 

the value cos p_, » docs not appreciably deviate from unity and 

. helix angles are not excessively large. The numbers of teeth of the gears 


KB ft, 


and 


5 now are evidently whole numbers. 




KEjbj 
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3^. Recommendations for Developing the Kinematic 
Scheme of a Machine Tool 
Verilont of Kinematic Scheme Structure 



minimum (or maximum) speed of the last working shaft of the drive. 
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3-4 DEVELOPING THE KINEMATIC SCHEME 

Thus, it proves cxrwlicnl lo havop = 2 or p = 3 transmlss.ons in c.ich 
oup and, since 2 + 2 = 2x2 = 4. p = 4as well. 

These are actually the numbers of transmission that arc employed for 
aring with sliding cluster gears, vvhen the number of gears is t^vice the 
imber of tnansmissions. This condition does not hold true for change gears, 
lere the same pair of gears can be interchanged. The application of a 
oken geometrical senes considerably reduces the number of transmissions 
luired 


Muitmum Number sf Tranttnlttion Groups 


The minimum number of transmission groups, required to obtain the spec- 
ed range ratio Rn - RgRb^e • can be had in the case uhen 

( 04 ) 

•mlnllm ' 


Since for I'm}' group transmission and the range ratio Rp =* 

S3 equation (94) can be satisfied if q =* 1, /?* *= /fj * 

and p = /72 = 2, I e . if the drive consists of a group with infinite 
lod variation ((p-»- 1), having a range mtio /?/,„. and an extension group 
two transmissions. Such a combination provides the simplest speed-chang* 
' slruclure 

Thus, a variable-speed drive with a range ratio /?» Rim^ Jti conjunction 
th an e.vtcnsion ratio group comprising two transmissions, provides 
otal range ratio Rn = RJli = For instance, at Rum = 8, i?n *= C4 
e p. 54). 

.\'ext in order as to its possibilities for simplifying speed-changing structure 
1 for providing the mavimutn range ratio without resorting to multiplier 
uces is a combination of an extension group of two transmissions and 
roup with change gears Tlie number of transmissions in the latter group 
not limited hy a.xial overall dimensions but only by the limiting trans- 
'Sion ratios (see p 44). 
f in this case p 2 ~ ^ and Rz = Rum = 


± and R„ = R,Rz^~ 


' • • ■ • • - ’ hy uniform groups having p — 2 or 3 

• minimum total number of transmis- 
time. require the maximum number 
croups Thus to reduce tlieniimbcroIgcarsU becomes necessary to increase 
number of’ shafts, bearings and bores in the gearbox housing required 
make up the group transmissions In many cases, these elements of group 
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If, on the other hand the reverse arrangement of transmission ratios Is 
used, as in line ake, the design torques developed in the intermediate shafts 
'Vill he the tninimuni possible, and the weight of the drive may be at a mini- 
num. In this case, however, group transmissions cannot be used for the 
list two linlkS Therefore, it is sound practice to design a reduction tram 
if the type shown by broken line abede, in which the transmission ratios are 
educed to a greater and greater degree as the train approaches the spindle, 
nd with the transmission ratio at the spindle taken equal to the limiting 
ninimum value. To reduce the weight of the dme. it is expedient to apply 
structural version in which the number of transmissions in the groups 
ecreases along the train from the electric motor to the spindle. Thus, if 
= -P<PbP' Pr 

is advisable to make 

Pa>Pb>Pc> >Pr 

Simple transmissions should be arranged nearer to the spindle. 

Por a given total number of transmissions, this design version of drive 
ructure ensures a larger number of transmissions whose components are 
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-leasurcs reducing a.vial dimensions are* (a) arrangement of the simple 
nsmissions among the group transmissions, (b) linked gears, i.e , gears 
vmg as driven members in one transmission group and as driving members 
/, r./,,- I „ ...... ^ ^ . 1 .^ of gears 

r kinematic 

' s the total 

rs are used 
t speeds for 

whole comple.v of speed steps (without overlapping). 

teducing friction losses in the tlrho. The size of the elements of a drive 
letermined on the basis of the transmission train engagements that give 
lowest spindle speed r of all the speed steps that utilize the full power 

' *’ '• drive 
ar and 
isc in 

cd n, as docs the part of the friction losses that does not depend upon the 
i. This leads to a reduction m efficiency ut high speed steps and is espc* 
ly marked in general-purpose machine tools with a wide tango of spindle 
cd variation 

hese losses can be decreased by shortening the transmission train for 
h spindle speeds n, arranging the kinematic scheme so that a port of the 
nsmissions, not required to obtain these speeds n. ere cut out when they 
engaged. 

'he use of a shorter transmission train, from which superfluous links have 
n excluded, is conducive to better dynamic conditions in speeding vip 
' braking the drive This may be of vital importance in general-purpose 
diine tools having a wide range of spindle speeds. 

'he principal method used to shorten the transmission tram for the higher 
13 of spindle speed is the application of a combined structure in the drive. 
s> feature has found fairly wide use in smalt and medium-size machine 
Is in the form of a divided drive with a belt transmission to the spindle 
d which contains counter gearing. The structural formula for such 
Irive is 

it high speed steps, the counter gearing is cut out and the spindle is dm en 
the belt transmission 

in example of a geared Leadslock with a combined structure for a heavy 
le is shown in Fig. 26. 

he spindle drive of the model 1A62 engine lathe (see Fig 35) has the 
ictural formula ; = lo (f + s') = 2 x 3 (I -* 2 X 2 — I) — 1 = 23, 
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since one speed step is overlapped in the last extension group and one in the 
combined structure. 

Taking the purpose oi the machine tool into account. The relative impor- 
tance of the various considerations, that must be taken into account in 
working out tlie kinematic scheme of a new machine tool, is determined by 
the purpose of the machine tool. From general considerations (see p. GS), 
in a drive with the structure s — Pip^Ps ••• Pm^ it is of advantage to lake 
Pi Pz ^ Pz ^ Fm> ^2 ‘^3 . . . <C! and ij fnin 

> iz min > *3 min > • • • > iw-inxin Urn- Deviations from the optimum struc- 
tural version of the drive may be due to features associated with the purpose 
of I he machine tool. Hence, the taking account of these deviations is a good 
method for revealing the specific features of the drives in vaiious types of 
machine tools when comparing their constructions. Spindle drives are repre- 
sentative in this respect. 

Typical of machine tools for roughing work of large diameter or those 
employing cutting tools of large diameter is a transmission with internal 
gearing, arranged outside of the spindle head or headstock. The weight of 
the drive is reduced by making the ratio of the internal gearing as small 

' i t 

as possible, from about -jj- to g" • 

Machine tools for roughing with high torques at high spindle speeds (medi- 
um work diameters in multiple-tool lathes, roughing with carbide-lipped 

1 1 

tools, etc.) frequently have helical gearing with a ratio of to operat 

ing with high design stresses. This reduces the peripheral speed of the gea 
and promotes smoother operation. 

Machine tools for high-speed finishing operations, requiring smooth spin 
rotation, may be designed with built-in electric motors, belt drives with 
spindle relieved of the bell tension, pneumatic motors, as well as other dri 
which follow in the order of decreasing spindle speeds: belt drives in wl 
the spindle is not relieved of bell tension; drives with a plastic helical 
meshing with a cast iron or steel gear having tooth surfaces with a har 
of at least 40/?c', speed-up helical gearing drives; spiral bevel gearing d 
and reduction spur or helical gearing drives. 

1 he limits within which the machining conditions (speeds and fee 
varied may have an influence on the type of spindle drive used. If t 
to be no change in the nature of the machining conditions, a drive cor 
with these conditions is applied. If the conditions are to be changed 
comparatively narrow limits, a single transmission, adapted to th’ 
ratio, is used for the spindle drive. For c.xample, in the model 1^6 
lathe, this is a transmission through helical gears having a ratio o 
avoid high driving shaft speeds and higli peripheral speed.s of th 
near. 
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Two transmissions to the spindle arc used if the nature of the inacbinin? 
mditions is to vary in wide limits. Examples are' a speed-up and a reduc- 
in transmission with spur or helical gears; reduction gear transmission 
d a belt transmission with the spindle relieved of the belt tension; and an 
ternal and external spur or helical gear transmission. 

In some cases the last extension group has certain specific features. 

In engine lathes, the range ratio Jt„ of this group is used, not only for 
tending the range ratio of the spindle speeds, but also for increasing the 
tch of threads that can be cut. This range ratio should be — 2^, where 
is a whole number For this same purpose the extension group is arranged 
ar the spindle 

One desirable feature of turret lathes is the possibility of making rapid 
agements in the last extension group without stopping the lathe by means 
friction clutches Consequently, this group should not be at the end of 
c transmission train where large torques occur. 

In a similar manner, the system for changing speeds and the structure of 
hep group transmissions depend upon the purpose of the machine tool. 
Jq cases nfien the machioe time is small, the handling time required to 
ange speeds should also he small Speeds should be changed without stop- 
Qg the machine tool or a system of speed preselection should be used. The 
stem applied to cliange the speeds affects the structure of the drive and 
ould be taken into account in working out the kinematic scheme. 



CHAPTER 4 


SPEED AND FEED GEAI^BOXES. 

STEPLESS DRIVES 

4-1. Speed Gearboxes in Machine Tools 

General Principles. Requirements Made to Speed 
Gearboxes 

'I’lic coiisiriiclioTi of a [(earbox is inliniotely liubed with the wiioie 

stnicfuro nf llie .spindle drive (see Chap. 3). 

The .speed gearbox can be Iniill into the .sjdndle bead bonsing in which 
ca.se it is called the .spindle head or, on the contrary, the spindle head i.s 
called the .speed t,o!arbox. If the .‘ipeed t^earbox i.s arraiifred in n separate 
Injiisin" and linked to the spindle head ihrontdi some type of transmi.^.sion, 
if i.s n.snnlly called either a redneint; gear or a .speed gearbox regardless of 
whether the last extension grouji has been lionscd in the spindle head or not. 

The .scheme for flu; .speed grrarhox i.s worked out together with tliat of 
the whole spindle drive. Here, the general requirements, li.sted above 
(p. 1(H) ill re.^pect 1 o t lie kinernat ic .scheme, slirnibl be t akc-n into considerat ion in 
accordance with fiieir relative importance, which i.s determined by the pijrpo.‘= 
of the maebine lo(d. For example, .smootline.ss of .spindle rotation i.s ofnio 
importance to a firiisbing maebine than to one n.sed for roughing operation 

riiC speed gearjjox .should provide the de.signod serie.s of spindle spee 
from II, nm to n,„„^ according to the standard 1111-1 (in the L'SSll), tlie dev 
tions being willjin the permi.ssihle values .stipulated by this standard ( 
p. .‘li). ami tran.«mit power of an amount dictated by the jmrpose of 
machine tool. Smonlli silent operation of tlie Iran.snii.'^sion and accu 
vihrationlc.-;'^ rotation of the spindle are faclor.s neco.«sary to obtain rnadi 
.‘^iirfaco- i,f tlie specilied accuracy and tinisli. 7he.se pro]iertie.« of a .sp 
head can lie ensured liy siifliciontly ritrid housing, shafts, spindle and 
ine.s; by an expedient arrangement of the electric motor and by maniif 
inu ami assumhiing the elements of tiie drive to a siifficiimtry high 
of accuracy. 

t.-om|mnenis of (he drive should he manufactured to an accuracy 
increases with ihe maxirmim speeds of the intermediate shafts ami th 
mum fierjjdieral speed.*^ of the gear.>, e.-pecially tlioso driving the spin' 
decree of accuraey of toothed gearsslioiild alway.csuit their maximum 
era! speed. 1 he .‘■election of the cla.^s of accuracy of ball and roller 
should aT.vay.s In* well grounded. .Since tlie cost of these hearings 
dra‘;tic;!liy witli their cias,= of accuracy (seep. 127), bearings of t 
fe.'tsiide of accuracy .should be a'pplied in all case,s. 
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The controls of the speed gejrbo\ should be in line with the conditions 
jndjcatcd in Sec. li-i. 

^Iechanisms of speed georboxoa should be easily accessible for obser\-fllioii 
during operation, for periodic inspection in carrj'ing out preventive mainte- 
nance, and for making adjustments in bearings, clutches, brakes and compo- 
nents of the control sj'stem. 

The Speed gearbov housing should Ii3\ e proper seals or packings at points 
where shafts extend from the housing and in the joints of all C 04 ers to pre- 
vent oil from leaking out, ami dirt, abrasive particles and cutting fluid 
from getting in. 

Producibiljty requirements made to speed gearboxes are considered in 
detail in books on engineering manufacturing processes. The most important 
of these rcqniremenls are. 

1. The construction should be as simple as possible. This is characterized 
to a considerable degree by the total number of shafts, gears, clutclie>, 
hearings and control system components. 

2. .dll tbo parts should permit ccnrcntenl macliiorng. This especially 
concerns the housing since it requires the highest labour input. The number 
of holes whose a\es do not coincide should be as few as possible The diame- 

■ ' ' , « ..... » --tioij along the axis 

ISO’. This require* 
macliincd in a two- 


way uiiil-built boring macliine in large-lot production or on the revolving 
table of a horizontal boring machine in piece or small-lol production. It is 
good practice to arrange pads and lugs in a single plane on the external sur- 
faces of the bousing to permit several housings to be milled or planed simul- 
laneously in one line Internal faces and thread in bored holes may lead to 
complications in machining and should be avoided wherever possible. 

3. The labour input m speed gearbox manufacture can be substantially 
reduced by reducing the number of new parts, replacing them by standard 
parts: limiting the number of different fils and different gear modules and 
by simplifying the configuration of large gears 
4 For the same reasons it is desirable to unify the construction oi the 
gearbox vvitli that of earlier model's «nd to use subassemblies whose pro- 
duction has been mastered by the given plant 
5. .Assembly should be as simple as pocsiWe and have a minimtim ainount 
of fitting operations Best practice consists in separate assembly of all bo 
subunits and of the whole gearbox winch is subsequently mounted on t!ic 


maclunc tool , , , . , t ... 

G. The constructvon of the joint between tlic bousing and the bed or ba-e 
riiould ensure convenient aligning of the speed gearbox or spindle bead 
There shoiiW ho no clcarnnces in the joints at the places nhere Ih ' 


screws are located. 
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Manufacturing Specifications 

The speed gearbox hoiisinir is usually made ol cast iron, grade C’^115-32, 
according to USSR Std GOST 1412-54. and in certain cases of cast iron of 
higlier quality, for example grade CM28-48. If Ibe housing is of complex 
or intricate configuration, the casting should be aged to relieve internal 
.stresses. 

In some models of precision machine tools, the spindle head and speed 
gearbox housings are cast of invar {369o Ni and the remainder Fe) in which 

the coefficient of thermal expansion is 1 to 2 X 10“®, i.e., from to 

that of ordinary cast irons. This is done to exclude the eHect of temperature 
deformations of the housing on the operating accuracy of the machine tool. 

Tolerances are assigned on the centre-to-centre distances of the shafts in 
a train of gearing. The Iioles for the shaft hearings are usually bored to the 
second grade of accuracy. The tolerances on the form of the bore should 

not exceed .r- to of the tolerance zone of the boro diameter. 

Tolerances are assigned on the bores for the spindle bearings in accordance 
with ibe requirements specified for the accuracy and surface finish of work- 
pieces that are to be machined. In most cases, spindle bearing bores are 
machined to the first grade of accuracy. 

The oul-of-sqiiarencss of surfaces of the housing, perpendicular to axes 
of llio bores, is commonly limited to 0.01 to 0.03 mm on a radius of 100 mm 
Much wider tolerances (0.2 to 0.5 mm) are assigned for the distances helwee 
tlic.?c surfaces because the exact axial position of the shafts does not affe 
tlic operation of the gearbox, while the misalignment of covers, local 
from the end faces of the housing, may lead to one-sided contact of t 
covers with the outer rings of the bearings and to consequent cocking of 
beariues. 

'Ihe spindle axis should ho parallel to the base surface of the spindle 1 
housing. The axes of the .shafts should be parallel to each other. The 1 
fur the spimllo hearings should he strictly coa.xial. 

In up-to-date models of machine tools all the gears of the speed ge. 
arc properly hardened and ground. 


Design Gear Trains of the Gearbox 

In the same way as the wiiolo spindle drive, the gearbox has Iw 
"ear trains, i.e.. cmragcinonts on which its design is based. They co 
to the minimum spindle speed for operation with carbide-lip 
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nd with high-speed steel tools. The second train should be calculated for 
power requirement T of the first tram. 

In general-purpose machine tools, the minimum speeds of the spindle are 
'mployed for operations which do not require the full installed power of 
he electric motor, such as cutting ‘ ' * * • • . < • 

ools of this type, the gear trains 

f spindle speeds are not calculat • . , ■ ■ ' 

he drive motor if the machine tool is intended for the use of high-speed steel 
ools. Similar standards have not yet been established for machine tools 
ntended for tiie use of carbide-tipped tools 
In a gearbo.Y. the calculated power ih.'it can be transmitted by the weakest 
mk of the train is increased wiih the spindle speed. 


CearbDx Effiriencjr 

The underloaded coDdilion of a drive at the high steps of spimlfe speed, 
1 comparison with the available design power, is one of the main reasons 
ir the low efficiency of the drive at these speeds. For this reason, it is desir- 
blc to shorten the gear train at high speeds to increase the efficiency (see 
. G9) in such manner as to leave the least possible transmissions that aro 
nderloaded in respect to the available design power. In effect, tins involves 
lortening the train by cutting out the last links which are ol large sire. 
E.varaples of such a solution are tlie engine lathe Leadstock with a divided 
rive (Fig. 32) in which the countergearing is cut out, and the extension 
roup of the headstock (see Fig 35) of the model 1A62 lathe. 
Investigations carried out in ENIMS by G. Levit led to the proposal of 
le following semiernpirical formula for tentatively determining the no- 
)ad power of a gearbox at various spindle speeds: 

+ 

here A'„, = 30 to 50 = factor whose value is the lower, the better the 
manufacturing conditions, lubrication and con- 
struction in respect to friction losses in the de- 
ments of the drive 

dn = mean diameter of the shafts in the gear train (ex- 
cept for the spindle diameter), cm 
«i. «it. «ui • • • =* speeds, rpm, ol those shafts m the drive that are 
included in the gear tram for the given value 
of n,p 
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Ojp = Spindle specil at \4hicli tlie no-load power require- 
rnent is to Le determined, rpm 

^ ~ ~ coefficient: k,p = 2 for spindle* running in sleeve 

bearings and k,p =15 for spindles rrnning in 
ball or roller bearings 

ilonceming friction losses, see also page 69. 


4-2. Types af Speed Gearboxes 

Gearboxes are classified according to llicir layout and the method used for 
anging speeds. 


Gearbox Layout 

The layout of the gearbox in the machine tool being designed is affected 
til by the general layout of the whole machine tool, i.e., the spatial and 
nensional relations between the \ariou$ units, and the spatial relations 
tween the gearbox proper and the spindle head (or hcndstock) coiUainlng 
•* spindle with us supports .md transmissions 

rite layout of a gearbox depend* to a considerable e.xtent. as does that 
the whole machine tool, upon the pufpo«e of the machine tool and its 
po and si7e. This accounts for the great \ariely of construction layouts 
gearboxes, notwithstanding the limited number of constructional ele- 
cts of wliicli they consist 

The gearbox layout adopted for llie machine tool being designed should 
thoroughly substantiated 

I. Gearboxes built into the spindir head (or beatlslock). Such gearboxes 
f' employed in most medium-suc and heax-y machine tools The advantages 
this layout arc a more comp-ict spindle drixe. higher concentration of 
ntrols, fewer housing-type parts and less assembly work, invohing the 
ting of jointing surfaces. 

Drawbacks of this layout are the possibility of transmitting vibration 
• • • ” ’ • of the spindle head by heat evolved 

mploying a flexible transmission to 

\youts of spindle lieads (lieadstocks) 
i in modem machine tool engineer- 
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1. Spindle licada wilh rcducpd axial o%crall dimensions doe, in some 
•ases. to an increase in the radial overall dimensions (Fig. 33). Lajnnts of 
his type are suitable xihcn the spindle head is to travel along ways perpen- 
licular to the spindle a.xis. This design aims at reducing possible vibration 
resulting from the overhanging arrangement ol the motor and other rotary 
masses of the drive (as in radial drills and planer-type milling macliinci). 
3uch spindle heads are also used in vertical constructions of machine tools 
with a top drive for the spindle to reduce the overall height and to intproxe 
vibration-proof properties (see page (>8 for features of the structure of such 
drives). 

2. Spindle heads (or headstoeVs) with reduced radial overall dimensions 
due to an increase in the axial overall dimensions arc used in heavy horizon- 
tal machine tools of the lathe group and others (o reduce (he transverre size 
of the machine tool and, consequently, the required width of the shop bays 
(see pp. 68 and 69). 

3. Spindle heads (or IieadslocLs) with a normal ratio between the axial 
and radial overall dimensions are used in most horizontal machine tools 
of the small and medium sizes. 

The structure of their drive features the combined .and moderate appllca* 
tion of means for reducing axial and radial overall dimensions. Thus, one. 
and not two, linked gears arc used to reduce axial overall dimensions. In 
the same manner, the axes o! ibe shafts arc made coincident in some liut 
not all of the adjacent transmission groups. 

II. Gearboxes with a divided drive. The spindle head or headstock and 
the gearbox may bo designed as separate units connected by a bell trnn'- 
mission. The advantages of such a divided drive are; neither heal evolved 
by friction losses nor vibrations developed in the gearbox are tran«rnitled 
to the spindle head (or headstock). 

Further advantages, provided by adding a device to the above arrangcni'-ul 
for relieving the spindle of the belt tension, are: (a) the spindle runs simx-ili 
ly at high speeds, a feature of great importance in attaining a high vh'" 
of surface finish .vnd longer tool life in finishing operations: (b) wiih the 
provision of a multiplier device in the spindle head, two different *' 
drives to the spindle arc obtained, one being a bell drive (wiHi the 'iniuiU' 
relieved of the bell tension) used for finishing operations .it Ingii 
n nttd flic other a cc.-ircd drive for rougliing purposes, thereby 


The pulley may be arranged at the end ot the spinuie. oveiuau. 
bearing, to facilitate insiailation ol the belt 
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The principal drawback of change gears is thal a great deal of lime is 
.t in changing speeds. To reduce this time loss, change gears mav be in- 
illed on spline shafts or, less frequently, on tapered .sliaft journals with 
oodruff keys (Fig. 33) 

in the atial direction, change gears may be fixed on the shaft by quick- 
ting splined coIl.\rs with locking devices or by C washers which can be 
idily removed to one side after slightly loosening the clamping nut or 
•ew. The size of the nut or screw head is such that it freely pa«ses through 
• bore of the change gear. 

change gears are often held in place by (he shoulder of a co^er fitted with 
all axial clearance. Another drawback of change gears on horizontal 
ifls is that the cover enclosing them ts difficult to seal properly without 
’asket. Housings with flanged walls are used, as well as oil-catch rings 
prevent oil leak.nges in change gear arrangements, 

--’hangc gears are used when thespindle drive is to be changed over compar- 
vely infrequently for different operations (and not operation clemcnls) 
mass and lot production, performed on aiiloinatic, semiautomatic, single- 
rpose and special production machine tools, and also fnrsctting up general- 
peso machine tools for a batch of workpieces. 

I. Genrho.xes with sliding gears. Group transmissions composed of 
ling cluster gears can transmit high torque and power even if the drive 
■f comparatively small radial overall size. As in all geared transmission 
ips. tlie radial overall dimensions will he the minimum values for a given 
lule when 

'•■e «p ma* and ip ^i„ are the maximum and minimum ratios of the trans- 
«ions in the group. 

1 gearboxes of this type, gears, not participating in the transmission of 
rer to the spindle m a given engagement, arc not in mesh and are conse- 
'itly not subject to "ear during this time. 

hese advantages have found speed changing with sliding cluster gears 
application in the gearboxes of machine tools, mainly general-purpose 
iels. notwithstanding numerous shortcomings inherent in such .irrange- 
ts. These include the following 

Speed changing is quite complicated and involves the disengagement 
le gearbox drive, braking the grarboxshafts to obtain slow rotation sbift- 
tlie sliding cluster gears into and out of engagement, releasinc the 
iu" dev icc'aiid re-engaging the dove ol the [gearbox 
breakdowns may occur when duster gears are shifted into mesh when 
' are rotating too fast, or if tv\o transmission's ol a single group between 
cent shafts '^nre simultaneously engaged Provision must be made tor 
9 
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inlprlorkins? devices that prevent such conflicting engagements (see paces 
litiii and 2(52). 

2. The croup transmissions are of comparatively largo axial overall size. 
Tim length of a croup is / > 2bp, where p is the number of trnnsmi.^sions 
in the croup and h is the face width of the gears in this group. A gear face 
width of b - (u to 8) m. where m is the modulo, is assigned to reduce the 
axial overall size. 

'i. The relatively large axial overall size docs not permit more than p ~ 4 
transmissioiLS to ho used in a group with sliding cluster gears. Groups with 
p - 0 transmissions are feasible only in rare cases when the components 
of the drive, adjacent to the group of .such gears, arc arranged outside of the 
gearho.x housing. 

riiis rc.slriction in the number of transmissions in each group and the 
increased number of transmission groups complicate the structure of the 
spindle drive except in cases when the gear train required for reducing the 
motor speed to the minimum speed of the spindle must be made up of links 
whose number is sufficient to dispose the required number of transmission 
croups witii sliding gears. 

.■\. long reducing gear train is commonly used in the spindle drives of 
goiiornl-purpose machine tools with a wide speed range. Sliding gear.s are 
the main type of group transmissions employed in the drives of such ma- 
chines. 

The larco forces required to .'Jhift heavy cluster gears limit their applicn 
lion in manually controlled gearboxes of heavy machine tools. 

Sliding goar.s arc monnlcd on spline shafts; ns a rule, spur gears arc usei 

Ilf. (iearhoxc.'J with inw clutches. The positive clutches used in the go 
boxes of modern mucUiiio tools arc often of the gear, or toothed, type wli 
do not reipiire tilling in manufacture and in which tiio forces of engagem 
are distriiiuied nmre uniformly and over a greater number of working 
f.ue.s than in posiiive rlutches of other types. 

riic advantages of changing speeds with jaw or other positive clutclie 
that they require small axial rnovemont for engagement or disengager 
they permit helical or iierringlionc goar.s to be employed in the liriv 
they can he shifted with less effort than that needed to shift cluster 
riiis ia-i f.niiir is of importance in the gearboxe.s of heavy m 
tofds. 

Drawbacks associated wilii tlie use of jaw clutclies for .speed cl 
ruflmie; (a) the dutch teeth or jaws may he broken if engagemoul 
witii the madiino niiining and with a large difference in the rotation: 
of (lie rdntdi nieinhers. and (h) iille rntatinn of coiitinuonsly meshi 
leads to friction bwsrs between the goar.s and in their hearings on tl 
I’o overcome the first of those drawbacks, it is necessary to disc 
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Fig 34 Diagram of fftndle tralQ engagements 


live and to slow down the shafts carrying the clutch members, or to resort 
» a synchronizing device for reducing the difference in speed of the clutch 
embers. 

These friction losses substantially reduce the efficiency in certain gear- 
ixes (with inverse speed steps) designed ssilh sleeve bearings, and may cause 
If-braking in the gearing. Idle rotation of Ibe gears, however, leads to 
sses even in gearbo.xcs with antifriction bearings. These losses are especially 
rominent at higher steps of spindle speed. 

The preceding shortcomings restrict the application of positive clutches 
the gearboxes of up-to-date macbine tools Their most expedient use is 
combination with sliding gears in an arrangement that excludes or limits 
lo rotation of the gears. Such devices include the back gearing arrangement 
lathe beadstocks m \vliich the spindle is relie^cd of belt tension, and 
lindle drives designed according to Fig. 34 whicli exclude idle rotation 
gears at the upper range of spindle speeds (Fig. 35). 

Speed changing by means of positive dutches is sometimes used in the 
>arboxes of heavy machine tools lo avoid the large forces required to shift 
avy sliding cluster gears 

IV. Gearbo.xes with friction clutches. The possibility of rapid, smoolli 
eed changing without stopping the oiacbine makes the use of friction 
utehes for this purpose an effective nielbod of reducing tlio time o-xpended 
handling a machine tool Moreover, this arrangement permits iielical and 
rringbone gears to be used in tbc gearbox. 

The restriction in the torque that can be transmitted, the comparatively 
rge axial and radial overall dimensions, the difficulties encountered in 
signing more than two transmissions in a group and more than three 
ansmission groups in the gearbo.x. the high losses and wear in the idle 
tation of continuously meshed gears, and the loss in efficiency due lo 
ction ill disengaged clutches are the mam shortcomings oi gearboxes in 
lich speeds are changed by means of fnction clutches These drawbacks 
e sometimes supplemcnteil by operating troubles, such as slipping and 

6* 
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erhealing of the clutches, the necessity for frequent readjustments, and 
e transmission of heat from the clotcLes to the spindle unit with a conse- 
lent adverse effect on the machining accuracy. 

Speed changing by means of friction clutches is used mainly in the group 
ansmissions of small and medium-size turret lathes, and m some cases, 
conjunction with a multiple-speed electric motor. In heavy turret lathes, 
gagements are made in the transmissions of the second extension group by 
eans of friction clutches. 

Of considerable promise are gearboxes equipped with electromagnetic 
'k clutches (see Fig. 32) or with magnetic-particle clutches in which the 
rticles are in an oil slurry. These devices enable remote and automatic 
ntrols to be applied for gearboxes. An example is the model RTSOP turret 
he, made in Hungary, in which the spindle speeds (iti = 28 or 35, rt ,2 — 
1250 or 1600 and A’ = 14 kW) are changed by means of seven elcctroroeg- 
tic clutches controlled by a punched card or the dial of a preselector 
vice. 

Figure 36 illustrates the development of the speed gearbox of the model 
130 automatic turret lathe. Tins gearbox has six electromagnetic clutches 


The constructions of control devices for gearboxes are taken up in Chap. 1 1 . 

4-3. Feed Gearboxes 

Principal Elementi of Feed Mechanltmt 

the feed gearbox is a part of the feed mechanism which consists of the 
lowing separate elements 

. The druv of the feed mechanism may be powered by a separate electric 
tor or from the spindle through a gear, chain or belt transmission The 
St suitable type of transmission depends upon the maximum spindle speed 
ox. the maximum torque .1/, developed by the spindle in driving the 
d mechanism and the required rigidity (torsional rigidity) of the kine- 
tic chain between the spindle and the traversing element (feed rod), 
f spindle speeds are infinitely variable, a feed drive originating at the 
ndle w ill maintain a constant feed per work revolution during the macMn- 
operation. For the same purpose, the electric motor that powers tho 
1 drive is sometimes supplied from a generator whose rotor is linked 
■•ctly to the shaft of the variable-speed eiectric motor of the spindle drive. 
. Devices for engaging tke feed mechanism, m the form of jaw clutches, slid- 
gears or friction clutches, are arranged at the beginning of the feed 
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a cylinder cam, pitch of Ihc Arclumedian «piral on a plate cam. circum- 
rencG of a rack pinion, etc.). 

in cases when the feed drive is powered hy a separate electric motor 


lere s„ — rate of feed, mm per min 

Hem = speed of feed dn\e nibtof, rpm 

fi> = transmission ratio of the train from the electric motor to the 
traversing element- 

Therefore, at a given rate of feed, the pilch of the tra\ersinj element 
(ermines the degree of speed reduction and. conseqaently. the length of 
■» feed gear train. The use of a lead screw with fine-pitch thread, for exam 
. enables the feed mechanism to be designed with the shortest gear train 
nimiim transmission ratio and minimum speed redoetlon. 


Work equation applied to the feed moebanism. The work equation can 
conveniently employed to determine the torques developed by the 
nous shafts of the feed mochanisni. Thus 


lore Q = feeding force 

.t/,y •= torque of the /-th shaft 

s= Zi = transmission ratio from the /-th shaft to the shaft ot 
the traversing element 

== efficiency of the train from the /-th shaft tu the tn^srs- 
ing element 
t as above. 

ifence 



lere s. = tij', is the feed per revolution of the »-th >ha:: 

Thus, the torque of any shaft in the feed mechaaism. niier cnmi-aiinii 
ing equal. Is directly proportional to Sf, the fee^i -it tJis 

aft, or to ij„ the transmission ratio of the feed tcji-u tr-iro rie .r-'^ea shaft 
the shaft of the traversing element It follows that j? -LstiagTisiie-i fnm 
'■ spindle drue, the design tram of the feed c:etiiaaa?m. ue . tie tnia 
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on wiiirh cnictilations should he based, is the train of maximum speed- 
iticre.ise transmissions. The maximum torque is developed by the slowest 
siiaft of the train of maximum spced-iiicrease transmissions, and not the 
slowest shaft in eonernl. 

Appiyins equation (102) to the spindle, wo obtain 


M 


t sp 


Os 


(103) 


wliere .U* .p torque developed by the spindle to drive the feed mcclianism 

q,p , efficiency of the train from the spindle to the shaft of the 

traversing clement (feed rod. lead screw^ etc.). 


Equations (102) and (103) explain wliy in engine latiics, in which 
may reach 200 mm per min and even more, the feed drive is de.signed more 
powerful than in mulliplo-tool lathes of the same size in which chain, or 
even belt. transmi.=sions arc used between the spindle and feed mechanism 
When equation (102) is applied to the shaft of the traversing clement, 
it liecome.s 


Mt. 



(lU/i) 


where .U; , ~ torque developed by the siiafl of the traversing element 
q, " efficiency of the traversing clement. 

Values of q, for lead screws mating with ordinary nuts or with ball-bear 
ing nuts are listed in Chap. G, pages l-'iG through 149. 

Notwithstanding the low efficiency of an ordinary screw and ntit pai 
.•iubjeci to sliding friction, the torque developed by the lead screw, as wt 
as liy the shafts of the part of the feed train from the traversing dome 
ii.t’,. lead screw) to the last driven sliafl of the feed gearbox, is not very h' 
in eomparison witli oilier typos of traversing elemonts having large pitcl 
Thi'-. however, does not exclude the occurrence of very high torques in 
jiart of the feed train from llic spindle to the driving shaft of the feed ' 

1mi\, where the ft'cds per shaft revolution may reach very large valu 
nilliiig miiltiple-starl worms and screws willi large leads (multiple 
screws). 


Requirements Made to Feed Gearboics 

Depending upon the purpose of the machine tool, various requi 
may he nmde to the feed gearbox and to the feed mechanism ns a 
re.~pect to (.a) the number of feed steps, (h) mrige of feeds, (c) tvp 
siTie- (normally a geometricn! serie-. hut an npfiroxiniatdy a 



i'4. TVPES or FCCD CEAnBOXES 


'Ones for engine laUie<), (d) nMure of the feed moiion (continuous or Inter- 
mittent), (e) t j'pe of drive (from (iio spindle or from a separate electric motor), 
({) absolute values of t/ic rates of feed, fg) roqnired accuracy of llio feed 
rates, (li) permissible accumnlated error of certain transmissions (in cutting 
higb-precision threads, the kinematic chain must be as short as possible), 
(i) loads applied to the feed gearbox, and (j) frequency vvith which feeds ari 
to be changed. The^'e and certain other factors jujlnence the stnictiire and 
construction of feed gearboxes This explains why such a great variety of 
designs are found in existing and new models of machine tools. 

Tiie rigidity of the kinematic chain between the spindle and the traversing 
element, the accuracy standards for the components of the gearbox and of 
(fie whole feed mechanism are assigned in accordance with the purpose 
of the machine luul, taking into account the effect of errors in manufacture 
and assembly of the mechanism on the machining accuracy of the machine 
tool being designed. 

Manufacturing specificau'ons applicable to components of speed gearboxes 
are suitable, in general, for the like components of feed gearboxes, including 
their housings. 


M. Types of Feed Gearboxes 

Feed gearboxes are classified in accordance with the type of geared mecha' 
nism they use to set up the feeds 


Feed Gearboie* with Change Ceeri en Fiied-Pesition 
Shatts 

In coniunclion with small axial overall sue. such gearboxes provide 
a large number of feed r.xtes. limited only by the maximum and minimum 
permissible transmi-'sion taliox They find application in machine tools 
requiring infrequent clumges of feed, such as .automatic semiautomatic, 
single-purpose and special machine tools cmployod m lot and mass prouiir. 
tion. 


Feed Gearboxes with Sliding Gosf* 

Gearboxe? of this type are mote suitable for frequent feed changing than 
gearboxes with change gears, and arc therefore w idelv used in general-purpose 
machine tool* (Pig. 37). Their capability of transmuting high torques (in 
comparison with other designs given below) and of operating at high speeds 
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liiout idlj" rotating mated gears cnaLIe these gearljo^es to lie applied 
ficiently in feed drives powered by a separate electric motor, as well as in 
avy lathes, milling machines and \crtical boring mills, and \nrioiis liigh- 
eed machine tools. 

A drawback is the practical impossibility of using helical gears to obtain 
series of e.ract transmission ratios. 


Feed Gearboiet with intermeiMng Dear Cones and 
Sliding Key* 

riic compact arrangement of this design, the feasibility of arranging 
to 8 or 10 transmissions m a single group, the possibility of using helical 
irs to obtain a senes of exact transmission ratios, and the control of all 
engagomcnts of a pair of tones with a single lever are the main advnn- 
es of these gearboxes (Fig. 33). 

■*ossible cocking of the sliding key. insufficient rigidity of the key shaft 
ich IS weakened by ‘ ’ ’ ' ' ’ • 

It if the key shaft 
of these gearboxes 
shafts. 

’ho sliding-key type of feed gearbox finds application in small and, in 
10 cases, mecliiim*size drill pre««es aiul turret lathes, 
he Insufficiently reliaMo location of the n.arrow gears on tlio shafts limits 
diatnotcrof the gears that can beu«eil For this reason, sliding-key mccha- 
ms are usually emplojed .is the umm Irinsmission group ol feed gc.ir- 

. 09 . 


Feed Ceubsies with Gerr Cons and Tumbler Gear 
(Norton Type) 


al Tills extends the possibilities for obtaining more precise transmission 
os, this being a feature of great value in sotting up the feeds of engine 

s7ng a sin^’le gear (z m Fig. 30) on one of the shafts to obtain all the 
smissions *^1110 range ratio of the transmission group H,,„ 4 4 This 
sm.in v.iiuc for a feed slop serie« based on a geometrical siruclure An 
limetic scries, one convenient for ctUling standard threads proM.les 
nany as fO or II feed .step- for the same range without res„riing to .m 
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Fjg 39 Kinematic diagram of a gear cone and tumbler gear gearLot 

xial overall size that exceeds all acceplaLlc limits. This relatively largo 
umber of feeds are changed hy a single lever which both shifts and locks 
JC tumbler-gear arm. 

The common application of Norton feed gearboxes in engine lathes ts 
ic to these features. 

One important advantage of these gearboxes is that they require n small 
Mnber of gears (A' + 2 gears for K transmissions). Serious disadvantages 
■0 the insufficiently rigid and accurate meshing of engaged gears, unrcliahlc 
bricatlon, and the possibility of dirt getting into the gearbox tliroiigli 
0 slots in the housing. These drawbacks are overcome in up-to-date mn* 
ino tools by using closed gearboxes and by making cflerts to lncrca<e tlie 
,’idity of the mounting of the tumbler*gear arm. ns has been done in the 
Mcd'type feed gearbox of the model 1AG2 lathe (Fig. 40). 

It is expedient to include a Korlon*typc gearbox in the train of the food 
•chanism in sucli a way (hat motion is transmitted from the gear cone 
the tumbler-gear arm shaft in cutting metric threads, and In the opposite 
ection in cutting inch threads Then the number of teeth of tiie gears 
the cone will be directly proportional to the metric thread pitches and 
cads per inch (inch threads) Indeed, in transmission from the gear cone 
the tumbler-gear arm shaft (see Fig 39) 

Sj = C,~t 

m which 

( 10 .-.) 

transmission fronrthc tiimhler-pear arm shaft to llie gear cone 
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leccl range ratio and simplifies the slrnclnrc and construction ol llie feed 
drive. The adjustable quadrant makes it possible to compensate for errors 
in the positions of the axes of the shafts being linked together. 

These properties of change-gear quadrants render them suitable for various 
types of machine tools, especially those intended for lot and mass product ion. 

Such change-gear arrangements arc widely applied in thread- and eenr- 
culting machines (see Pari Two). Tliey also enable an engine lathe to operate 
with a short train, bypassing tlie feed gearbox, as is required to increase 

llie accuracy of thread being cut. 



Figure di illustrates the change-gear unit 
of an engine lathe. 

One or two pains of change gears i'^sufli- 
cienl, in the great majority of cases, toohtain 
the required rales of fecil. Tiirec pairs of 
change gears are resorted to only in rare 
cases when especially low transmission ratios 
are required, nr those ratios must lie set up 
with exceptional accuracy (to obtain, for 
example, thread pitches). ,\n e.'camjde is 
the model ISIO relieving lathe whieli lias 
three pairs of change gears in the feed train. 



Feed Gearboxes of the Meander Type 


ig. -'12. Di.acram of a Meander 
drive with a tumhler gear 



U. 'i 3 . Diagr.ni! of a Meander 
drive with a .‘sliding ge.-ir 


A Meander drive is a throe-shaft inerl 
nism made tip of a seric.-^ of iileiitical d 
hle-cliistcr gears and a sliding carrier \ 
a tumhler gear (Fig, d2«). Such fcninr 
the siiiglc-lever controls, small axial ov 
size and wide range ratio enable this 
to be convonionily used as the first f 
sion group of the feed niechauism. 
extensively employed in engine lal 
this purpose. 

Ill addition to drawbacks due to 
of a tumbler gear (see page 95). in a 
drive ail the cluster gears rotate cor 
ly ill iiic.sb, including cluster gear.' 
not participate in a particular t'lit 

In some fle.=igns, the liimbl 
replaced by a sliding gear (Fig, 
engages only the larger gears oft 
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This construction possesses increased ricHily hut more ciuslct ecata ore 
ret{uircu to obtain the same number of feed steps. 

Attempts to mount the cluster gears on ball or roller bearings ha^e led 
to complications m the construction. A three-shaft gearbox i\itli sliding 
gears is preferred, for this reason, by designers for high-speed machine tooN 
even though this may lead to a more complex system of controls. 

In the Meander drive, shovvn schematically in Fig. 42o, rotation is leans- 
nutted through various numbers of return steps (Fig. /j2b), in accordance 
nail the position of the carrier and tumbler gear. Introducing the notation 
c = p , no obtain the follo^ving series of transmission rafio.s (see Fig. 42) 




As a rule, in engine lathes c = c', I c , c =* 1 and Si = 25j, The series of 
transmission ratios in this case t^X’T’^’T* *'’* 


4-5, Rapid Traverse Mechanisms 

In modern machine tools especially those operating wilh an automatic 
cycle, idle travel movements of the ivorking members— tables, carriage-s, 
heads, etc. —are carried out at a higher speed to increase the production 
capacity of the machine The speed of rapid traverse mn4einenf5 obtained 
by a mechanical drive ninges from 2 to 12 m per ram and. most often, from 1 
to 8 m per mm. 

The structure of the rapid traverse mechanism is determined by the prop- 
erties of Its following mam elements traversing element of the feed driie. 
drive of the rapid traverro tram, and the device for joining the r.ipid tra4cr«e 
and working feed trams. 

It IS known from t!ic theory of mechanisms and machinery that the U'e 
of cam nechnnisnis as the tra4ersing element enable** tbo rate of feed to 
be 4aried within a single cycle and reversed. This property i>f cam meeba- 
nisnis permits us to do wilhoul fl rapid traiersc train in small automatic 
screw machines. 

.V rapid traverse tram and a doMce for its reicrsal are required to oblam 
rapid forward and reverse traverse in machine tools having a traversing 
element with constant pitch <«crew- and nut pinion and rack. etc.). This 
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In tins case, betel scar a, ol ll.c chffcmilial is li.ie<l, Ibe plane! scar, roll 
around U and the transmission ratio of the dincrential is fj,, = 2 . 

A t%%in jaw clutch la more seldom used in up-to-date models to join the 
working feed and rapid Jra%Trse trains since, in thi« case, the construction 
of the feed drive and the control system hecomc more complicated. 

In many cases braking devices arc required in the feed drne to a\oM 
overtravel after disengaging rapid traverse if the traversing elements are 
not of tlic self-braking type. 

Rapid traverse movements can be accomplished much more simply and 
efficiently hy means of a hydraulic drive (see VoJ. 2. Part Four). 


4-6. Infinitely Variable Drives In Machine Tools 

Advantages of Infinitely Variable Drives in Operation 

Infinitely variable (also called variable-speed) main and feed drives haNo 
found considerable application in modern metol-culting machine tools. 
Their main ad\ antagos are the possibility ol setting up the optimum culling 
conditions (speed and feed) with higher accuracy than with a stepped drne 
and, what is more esseniral in practice, the possibility of changing speed.-* 
of the mam drives or feeds wilboui stopping the mocbine. As a result, the 
operator can set up or find the roo«t expedient machining conditions for 
each job. In turning stepped ehafts and irregular contours, facing ends and 
in cutting off, an infinitely varial.le .«pecd dri^e enables a constant cutting 
speed to be maintained (if the variable-speed drive is automatically con- 
UoUed) by varying the angular velocity In accordance with crocs trasel of 
the slide. , , . , 

A constant cutting speed, m these cases, leads to an increase, not only 
in tlie output, hut in the tool life as well, especially for cutting tools tipped 
with ceramics or cemented carbides (whicli are susceptible to changes in 
cutting speed) A more unifofin quality of surface finish is attained The 
possibility ol operating at optimum cutting speed is essential bccau'o al 
higlier speeds the additional output docs not reimburse the extra time lost 
in changing tools and the co«t of extra tool replacements, while at lower- 
Ihan-optimiim speeds tlic output drops (as docs the tool hie lor certain 
cemented carbides). . . . 

Easy and smooth speed changing without stopping the machine enables 
operation beyond the Imnls of the xonc of resonance Mbtations 
Voriable-‘=peed friction drives, used m machine tools, operate much more 
quietly than gear or chain drives; in normal condition and properly main- 
tained, such drives are practically noiseles»i 



st'i r:ri .wii t j’.r.n urAiUtOX!:,':. ?Tr,rLr.5s ninvr.s 

!ii tii.H'hiOf tonic rcquirini’ a fine oradualion of speed step? (if LOfi or 
! IJ . thi- coti't ruction of the drive is frequently inore compact and less 
<■'. if a MMiplc yearhnx is used in conjunction with a variable-speed 

ICC. sn-ioad of a complicated multiple-step cearbox of the same type. 

Ite.Mniuno with the prmrrcspion ratio ip --= 1.2r>, the substitution of stop- 
h'-'- {..r stepped speed variation offers a material gain in entting speed (or 
rati' 111 feed) .m'i a consequent reduction in maebininc time. The possibility 
Ilf rapidly changing speeds without stopping the machine ensures a savings 
of handling time in machine operation. Thus, the use of a variable-speed 
dt.'M- iiromoiec an increase in the production capacity of a machine tool. 


Types of Intinllcty Variable Drives 

\ .iriuns methods are in use for stepless variation of the rates of the working 

tome. Thi' selection of the method to use in any particular case depends 

iipni) the purpose nf the machine (general-purpose, specialised or special: 
t"r roughing, hnishuig or microlinishing); the power required for cutting 
.iii'i the required type of mechanical characteristic; the retjuired range ratio; 
'he permissihle increase in the cost of the mnehine; etc. Each of the possible 
'•..iutiotH -eleclrica!. Iiydraulic, mechanical or combined .‘ipeed variation — 
li.i' itv -pecific Operational advantages and disadvantages and, consequently, 
I'- iii'id of preferable application. 


?tc?Ics5 Eleclflcnl Speed and Feed Drives 

i'.tf. 1 ncal variation is accomplislied by varying the .<peed of the electric 
I 'lor '.vluch drive- tiio corresponding train of the macliine tool. 

!• I. eiertrie motors witli shunt adjustment are used chiefly in heavy 
M.o'iufo' tii.d- Mo-i couvenient, in this case, is a gener.itor-motor drive 
ith 4 r.Mvge r.iUo of {{ - Iv) to \ 7 k 

till' ii-^e of rotary ampliiiers in a generator-motor set (Ward-f.eouar 
ui, euabk- the .-^pced range to be subslantinlly extended. These drier 
• .'< -iit; iltie for uKU’hin'’ tools requiring very large raiege ratios, in the ord 
"s I" :.i .Old higher. 

>(! ah -- .h'.oric.it spt - d and feed drives can be rearlily automated, 
n," (ir.iv. ti.wh' uf lhe.se sy. -terns are the compar.aivelv large ove 

Mr*- co-t- 


FtepStsj Hjdrputit Epsfd and Feed Drives 


Hydr.oili-: -Irive 

rev! liuiear !;,u'. ioa 


are widedy u= 0 'l to obtain inlinitely varialile ra 
n tu.'thuie tn-ds, in nu-.-t cason, this r>.'?i'r;- to fei-d i 
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Uli 

but in some machine tools {planers, shapers, slotlcrs and broacliin? ma- 
chines) main drive speeds are varied in this way. 

" . drive in obtaining stepless speeds 
jssibilily of rapidlj changing both 
. 3ds, smooth reversal, con\enicnce 
of remote control and its automation, automatic protection against overloads, 
and self-lubrication of the system. 

A drawback of hydraulic drives is the insufficiently flat cliaracloristic 
cur%e resulting from leakages and the effect of the temperature on llic oil 
liscosity. At low speeds (v = 12 to 15 mm per min) the operation of a hydrau- 
lic drive becomes unstable. 

A hydraulic drive is rarely used for rotary luoiion in a machine tool be- 
cause of Its high cost and low efficiency after wear, llere, it gives way to 
other types of infinitely variable drives- 

Speed variation in the hydraulic systems of machine tools is considered 
in detail in Part Four, Vol. 2. 


(Afinitely Vtrlabla Mrthsnleal (frIctlsA) Crivet 

.Most mechanical variable-spced drives employed in machine tools 
are of the friction type and therefore their operation involves friction 
losses. 

Tlie following types of friction fosses may be distinguished: 

(a) Losses due to unfavourable kinematic conditions in the contact zone 
which lead to n difference in the velocities of the conjugate points ol the 
working surfaces The kinematic losses due to friction are reduced when the 
working surfaces in the contact zone approiimaio the shape of two cylinders 
witli parallel axes or two cones with a common apex. 

(b) Losses due to distortion of tlie working surfaces in the contact zone. 
These losses arc not vcr> high (2 or 3 per cent) and are reduced when the 
Young's modulus of the niaterial of the contacting members is increased, 
for evampic, by replacing plastics with steel. 

(c) Losses due to slipping of the working members of the variable-speed 

drive, similar to slip in belt drives Slip losses arc increased when the reserve 
adhesive force is reduced between the working members due to variations 
in the cutting forces or to the mlluence of inertia forces in starting and 
reversing the drive, etc , , , 

As mentioned above tlic possibility of changing the spt-cd of the output 
shaft without stopping tlic machine is a highly advantageous feature ol 
mechanical variable-speed devices, but H » usually associated with the 
impossvbvUly or difficulty of setting the speed when the variable-speed 
device is not running. 
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lip ill iJie same \\ay ns nii urditmry ^sHii a pro"re>-i<jii raho 

in uliirh rnsf. . 


(^2) 


Due to tJip \an.-iliJesJip i,i rlectric motors, belt i/rtuK nm? t,iriab/e- 5 mv./ 
friction drives, the nctiinl niiijjc rnlio of a variable-speed device may lurn 
out to bo less tlian /?j,, Thoroloro. in a«oi() paps in Ibe «leplc?< speed ‘cries 
the progression ratio js taken equal |« q' = (OO'i to U.'JP) 

Somctinics. to obtain a coiixeiuont vvhnfe number of speed steps z in the 
nitilliplicr type of pcarbov. it may bo necessary to reduce the ratio In ij’ < 
<; It,„ and to permit overlappinct «/ tliesleplc^s scries in chanijint: over the 
speeds of the gearho.\ On the oilier band, the transmi^ion ratio is ‘orne- 
times taken as i( ' > R,„ allow ini; (taps m ihcjteples? series of spirille «pecd‘*, 
to simplify the structure of the drive and to reduce the numher of slep‘ z. 

Let us assume, for evaniple, that fl - fA /?t» — 3 and ^ ~ 

s» 20 It IS impossible to assign z «■ 3 l>eeati«e the value }t' = 20 i« far 
in excess of the permissible limitini; ramjc ratio of a single group traii*ml«- 
sion. If we take : - 4 » 2 x 3 then //' = «* «r’*. from which 

Hero, the stepless senes overlap' i« changmir o» er the tr,>n*ml'Sloti of the 
gearbox. 

Let ns as«iiiiie tlial fl - W and fi,. •* *> 1 lion IV 7 p ““ 77 ' 

Tins r.vngc ratio can be obUiiieJ by one rvtension group To simplify the 
structure of the drive v\e lake the number of lr.iii 5 mi'‘'ion« of thi* group 
to be p' « s = 2 and obtain ll' ^ S - q'*-' i(' ll„ tJ Tiiis ratio 
leads to a gap in the stepless senes In onicr thiit the ratio q' <C A, it is 
necessary to take a number of transmissions />'-: = 3. but tins compli- 
cates the structure of the drive 


CondracUoni of Methsnlcil Vsriabte-Speed Ddret 
tar MicMiie Taolt 

A great many kinds of mecbanical \anahic-spceJ drives, m'l'jly of t»<c 
trictiol, type, .ire emplojeJ in machine l™l! Ttee .lewcei .lif er I, nil, 
in conslriiclion and in ihcic npcralinnal p-iiamclcm vchicl. 

poner nilinfr .V.„ md ,pccl oI the Jriie el^ cm 

minimnn, apeecK n„.. »nJ »»,.■ ollh. ontpnt ““ V™ " 

quenlly. the ranpe citn, f), lalnd nl to V'lnemU 

on the input shaft at the speeds and cllicie 1 
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up til the 5anio way as an ordiiiar\ poarloix with n progrc'-sio: 


1 which ease 




(HI) 

(112) 


Due to tlio variable slip in electric motors, belt times ami s.inahlc-spit'il 
friction drives, the actual ranije ratio of a sariablc-spceil device may liirii 
out to be loss than Therefore, to avoid caps iii the .«leple«s speed series, 
the progression ratio is taken equal to «(' =s (0 "I'l to O.DG) R^,. 

Sometimes, to obtain a convenient whole ntiinher of speed steps z in the 
multiplier type of gearhov. It may he necessary to reduce the ratio to ij' •< 
< /fp, and to permit overlapping of the stepless senes in changing ov cr the 
speeds of the gearbox On the other hand, the transmission ratio i« .couio- 
times taken as q' > /I,,, allowing gaps in iheslcplcfs series of spindle speeds, 
to simplify the structure of the drive and to reduce the number of stepx 
Lei us assume, for csaiiiple, that R — 0*>. Rt, ’= 3 and /?' -- ^ » ~ =• 
*= 20, It IS impossible to assign z ~ 3 hecanso the value R' ~ 20 i« f.ir 
In excess of the permissible limiting range ratio of a single group transmis- 
sion. If we take s ■ 4 - 2 y 2. then R’ « * q'», from which 

I '7r = I J* - 2.71 

Here, the stepless series overlap# in changing over the tran*mission of llio 
ec^irbov. . j, M 

Let us assume that /( * IS and R,, •=• 0 Then R =• 77 ^ 77 ' II* 

This r«\ngc ratio can ho ol>l,iined by one eviensioii group To simplify the 
structure of tlic drive we take ihe number of tr.insmissions of this group 
to be p' *= z = 2 and obtain //' ^ ^ q’ > “ (», This ratio 

loads to a gap in the slcplcNS .cm's (n order thal the ratio q < R,. it is 
necessary to take .n number of transmissions p - z — ■>, but llns compli- 
cates the structure of tlie drive 


Cafl*tructlont of MacMnIcil Virlsbic-Speed Drivet 
lor Miehine Toolt 

A Croat many kinJo nt mocl.a.,.oal ,at,al,l^opoo,l .Iri.ro. nnHllj tl,e 
triclion typo, oro omplo)0,l ... m..ol..i,o t.«,l, Tl.ooo JoMOO. maj diHor l.,.tl. 

constrllcl.on and in llioir .,|K.rat.....al paramolora ah.cl, ...ol.ido ll.oupo 
po«or ratme A'.^ and »paad n,„ at tl.o Jrnc olcc ric motor; masi.n..,,, and 
minimum spooda, and n.,.. ol the ....ipnt |dr.,cn) almll. and conro- 
qncnlly, tlm ranee ratio n. valiioa of tlio roqulrod po«or A and A„,. 
on llic'inpilt sliad at tlio .■pood. ii„„ and n.,,. olficionoj lainc- i|. morall 






ol a lii- win Jn>ff ol ihp 
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Ftg. 1C. LoDgiiudlaal section 












CHAPTER 5 

SPINDLES AND SPINDLE UEAIilNnS 


S-1. Principal Requirements Made to Spindle Units 

MacluiuriR accuracy depends to a considoralilc degree in many types of 
machine tools upon the rotational accuracy of the spindle Mliicli transmits 
motion to the cutting tool or to the uork. Tins imposes the following prin- 
cipal requirements on the spindle units of machine tools: 

1. Rotational accuracy is usually characterized hy the runout of the front 
end (nose) of tiio spindle The permissible spindJe nose runout vnltie«. botli 
radial and axial, have been standardized for most types of general-purpose 
machine tools. In designing special machine tooU. lliesc %alne« are a«*igneii 
on the basis of the required accuracy of the workpieces that are to bo ma- 
chined. 

2. Rigidity IS determined as the capacity of the spindle to retain ii.s cor- 
rect position when acted on l»y various working forces excessive dolorma- 
tion of the spindle has a detrimental effect on the machining accuracy and 
on the service life of the spmdio bearings and drixe. 

3. Vibration^proof properties should be possessed by the «pindlos of liigli- 
speod machine tools, especially those intended lor performing finishing 
operations. 

4. Wear resistance of the bearing surfaces is required in cases when the 
spindle runs in sleex e bearings or xxlien there is relative longitudinal motion 
of elements of the drixo and the spindle (as m drilling, boring and other 
machines). 

These requirements arc complied with by correctly selecting the materials 
and construction of the spindle and its bearings. 


5''2. Materials and Construction of Spindles 

The mam requirement made to the great majority ol spindles is 'iifficient 
rigidity which depends, in part, upon the Young’s modulus of the «pindle 
material. Since the Young's modulus of various steels is practically the 
.eaine there are no groumls for using alloy stech for spindles unless their 
application is dictated hj other requirements Therefore the spindles of 
Soviet machine tools are usually made of mcdiiini-<arbon structural steel 15 
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wliicii siihsoqnorilly undosi'ocs a hcJil Ireatrnonl known ns .striicliir.'il itnprove- 
rticiil ((jiifiicliintr followftd by terny)orifig to a lianiiio^sj of 22-28/?^)- 

H ;i!)f)V('-.sl;m<lanl rotjiiirornonls arc* inixlo lo 1 lie spimlk*. and Us surfaces 
|i.r parts of Uic* surfaces) must have a hkh iiardness, sleel -lOX is sornotirnes 
wilii a heat trealrneril consisliniy of qnenciiinty followed by lornperiniy 
In a haniiiesxnf'fO-oOH,;. Bel lor resiills can be oblaincd by ernployiniy induc- 
tion iiardeninu which can provide a surface hardness of d8-f50J{^ on l-he 
spindle journals (for sleevtj bearinf's) and subjecl the spindle lo rnuch^ less 
dislorlion in heal. Irealinenl . Low-carbon casehardeniruy steel, typo 20X. 
is ii'-ed in cases when very hit'll surface hardness of the spindle journals is 
required. Here. Ihe beat treatment, consists of carluirizalion, quenebins? 
anil teniperiti!' to a hardness of r)V)-()2Bc- 

Spindles of hitrb-precision innehine tools, not subject to heavy loads, are 
made of steed d.oX.MlOA which urider}j:oes nilridiri '4 followed by quenebint' 
and lemporint' to a hardness of DPH SoO-lOOO. Nitridint? provide.s an e.xcep- 
lionally hit'll surface iiardness v.dlh very little deformation, 

Sfiindles of heavy machine tools are made of mant'anese steel, type r)0r2, 
with siih, sequent normalization (spindles subjecl to low loads) or liardeuirig 
followed by bit'll tempering to a bardne.ss of 2H-oT)/if;. 

In speciiic cases, hollow spindles of large diameter for horizontal boring 
and other inacliiiies can he expediently made of grey cast iron, grade 
(i'IIo-:i2 or C'!21-''i0, or of higli-slreiiglh nodular ca.st iron. 


TAni. i; 2 

I’riiicdpal Types of .\facliiMC Tool .Spimile Noses 


I 




Ai>i>llcatlon’i 


USSn Slit 


1 l.iilhes 


(JS'l’ 428 


■I'lirrel aiiil iriiiltiiile-tool lallie.-;, eriinleis, etc. ftOST 2570-08 


.Ntilliiig iriai'liines 


Gf.t.ST 820-02 


Ilrilliiig amt boring iiiacliine.' 


GO.ST 2701-44 


0 


(oiiiiler.-- 


GOS'T 222:t-51 


GGS'f 2224-42 
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SPINDLES AND SPINDLE BEARINGS 

The design features of a spindle depend upon the kind of cutting tool or 
workpiece it is to carry, tlie fits of the elements of the drive and tlie type 
of hearings it is to run in (see, for example, Fig. 50). 

Spindle noses of general-purpose machine tools have keen standardized 
(Table 2). This, to a considerable extent, predetermines tbe construction 
of the spindle as a whole. 


5-3. Spindle Design 


Rigidity calculations involve the determination of the deflection in bend- 
ing and, in some cases, the twist in torsion. 

In working out the design diagram, the spindle is usually replaced by 
a beam on hinged supports. Such an assumption is valid when there is one 
ball or roller bearing in each support. In more exact calculations, several 
ball or roller bearings in a single support are to be regarded as an elastic 
support, while a spindle running in sleeve bearings is lugardod as a beam 
on an elastic foundation. This last case can also be conditionally reduced 
to a beam on hinged supports to which a reactive moment jM is applied in 
the support (Fig. 51). Tlie value of this moment varies, according to exper- 
imental data, from zero (for insignificant loads, os in finishing machinc.s) 
to 0,3-0.35 of the external moment acting in the middle section of the spindle 
on the support. 

In tentative calculations, bonding deflection and torsional twist of spindle 
sections can be analytically determined. For example, in the design dia- 
gram in Fig. 51, tiic deflection at the spindle nose and the slope in the front 
support are 

— 0.5/-’-flW (l — (11.3) 

and 

0 - [PiUl - 0.5/V/ ( J ~ it) - '1^^] 

where / = avorago value of the moment of inertia of the sections of the 
spindle 
M < 0.35P,r/, 

It proves expedient, in refined calculations, to construct the complete 
elastic line of the spindle axis, using a scmigraphical method for this purpose. 

Taking into account the elastic strain of the supports, the deflection at 
the nose of a two-support spindle, relieved of the action of the drive (Fig. 52), 
can be determined by tlie formula 




i 

io ,h 


In 



(11.5) 



s-3 <M\DLr DrsjO' 


tir> 



where ; =- ngidiiy oI Oie spindle unit 

/o -^®= conditional rie'dMy of ilie spindk* in llic length between the 
supports 

ss ■= conditumal ripidil) of the overhanging part of the spimlJf 
/t SR y - ratio of ihf overhnnging part to the length between support* 
P T- load applied at the spindle nir-e 
/i and /. average nttymenlf of inertia of the 'vchons of the spindle 
between the support* and in the overhanging part, respec- 
tively 

h }a ~ ngidilj of the from and rc4r«piiidle *iipport5. respectively 
^ Young's modufiis of the spindle rnaienal 
If, instead of rigidity ; in the I.i't equation, we siibstiluic il* reciprocal, 
unit deilection c obtain 

y- ' e* 4 ff + ^J * ‘‘0 + 1 J (If-'.i) 

winch is more convenient for calculation*. 
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The detailed form of this equation is 

+/‘)“Cfl'rA-‘C,,] (1151) 

Using this equation, the optimum distance I hetween the spindle supports, 
as regards the rigidity of the spindle unit, can he readily determined.^ 

Tiie permissihJe deflection at the spindle nose should lake into consider- 
ation the requirements made to the machining accuracy of the machine tool. 

As a rule, tliis deflection is limited to a certain fraction ^usually of the 

tolerance for runout at the spindle nose. Deflection and slope in othersections 
along the length of the spindle are limited hy requirements of proper 
operation of the transmission and hearings. According to the investigations 
of D. Heshelov, for example, toothed gearing operates normally if the 
angle hy which the gear axes are out-of-parallel does not exceed 

«a.nx<7^rad (116) 

where P - peripheral force, kgf 

b face width of the gears, mrn 

C coeflicient taking into account the nature of load distribution 
along the gear teeth {C s 5 to 15). 

The following values of pcrini.ssihlc deflection and slope angle arc used as 
tentative norms in machine tool engineering practice: 

0.0002/ 0„,ax-< 0.001 rad (117) 

where / is the distance between the supports (see Fig. .52). 

In (he design of a spindle on which tlie rotor of an electric motor is mount- 
ed, the maximum deflection between the supports is limited hy the value 

//max -<0.16 (118) 

where 6 is the average width of the air-gap clearance hetwcoii the rotor and 
the stator of the built-in motor. 

In this last case, in addition to other forces, the load due to unilateral 
magnetic attraction is also taken into consideration. 

Vihratian Iwhauionr calculations, including the determination of the natu- 
ral frequency of the spindle to avoid resonance vibrations, are advisably 
Jo he carried out for high-speed spindlc.s. 

The natural frequency of vibrations can he determined hy any of the 
methods given in the course of Theoretical iMechanics. In cases Vhen no con- 
-siderahle masses overhang the supports, it proves expedi > 
grapliical method (Fig. 5:i— for a turret la 
'I'hesc calculations are r ' 
line of I ■ 



Fitr 'I't I)i.i1;miii {or \ibrali»n b(}ia%iour rab<iljtirini uf a •j'lmtlr 

tilt* (Jpad Mcielit (if tfii’ •■piiMlff riiW) a random aiit*iiliir Ncincily Wo «f -‘pindlc 
rotation i« and a now ela«tir line coiKtnicted reprc«rntins llie 

deflcclion under llic action ofcenirifiiffai forces at earli section of tlie spindle 
alone 1'^ lonRlli Tlins 

/I. - /’.fX'*:?. (Il'i) 

nlicrc f\ ~ rro«'-5rcti(inal urea of the «pindlc 

p " nia®-* density of tlic spindle nialrrinl 
y, — deflection at tlie ci\rn rnr-s -eclion. 
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SPINDLES AND SPINDLE BEARIN'GS 


!!ii- ruetliod is baserl on the fact that elastic lines, constructed wit 
a '■iiftirient decree of accuracy, are geoinelrically similar, i.e., iji — const yi 

(see Fig. 53), and the critical angular velocity is 
determined from the relationship 



1-^4 


(J)r 


= oyoj/^ 


yir 

i/I 


The following condition i.s usually 
down to eliminate the danger of resonance 


(120) 

laid 


0 ), 


to 0.3 


.'j'l. Duigrarn fur ‘•pi-f ific 
pfi-'-ijn- calculation^ lor 
^-pliiK'd n.'clion^ 


where oi is the ma.vimum angular velocity of 
spindle rotation. 

Strength calculations svc used in checking heavily 
loaded spindles. This involves cheeking the factor 
of safety n for alternating stresses by the formula 

^^^ 0 - 121 = 0 ^ ( 121 ) 


where d -■ outside diameter of the spindle 

I ~ 'j ~ ratio of the inside to the outside diameter of the spindle 

a_, -- endurance limit for bending with a symmetrical cycle 
of stresses 

,1/ and .!/( -- average values of the bending moment and torque. 
Foeflicienls a and talce into consideration stress concentration and 
llie deeree of variation of the moments (and torques). They are determined 
by the relationships 

— C) and a,.—-— — h\C,, (122) 


where /.„ and -dynamic coefficients of stress concentration for normal 
and shearing stresses (for tentativec8lculations/co=/rT=1.7 
to 2) 

yield stress. 

'I'he coefiicienls C ~ ~ and are determined as the ratio ol the 

amplitude of the moment or torque to its average value and hence depend 
upon the type of machining performed on the machine tool. For example, 
for mirrolinishing operations C ^ C,, ^ 0; for finish turnin ^ 
drilling C & C;, s 0.1 to 0.2; and for milling and rou ' 
whicii an extremely nonuniform allowa 
The .‘^afelv factor is ns 
15ed< •’ 
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2)0 clifckci! on the surfaces of splmcd seclion< of spindles (Fic. 55) flrro 
« 8'^ 

^ (1-3) 

wliere ]f, -- maximum %alue of the torque 
D and d major and minor diameters of tfjc spiinc shaft 
L = lentjUi of the ftltint; 
z == number o! splines 

ip — factor takin? into account nonuniform utilization of the spline 
surfaces, due to errors in manufacture; usually if =» 0.75. 
I'crmi'iible de^iirn values of the specific pressures arc listed below if 
the spindle is not heal treated, these values should be halved. 


ol ijiUni* imirc 

Fl\^l 

Moial'le, but n»t under l<o-l 
Moiafilc under l'o<J 


P'raiitiihie driirn ip'dlie 

12 to 20 
4 to r 
i lo 2 


5*4. Spindls Bearings 

The follow inff speciiic requireinenis are made to the spindle bcarlnps of 
machine tools 

(1) Aceuracij a; guidatice {radcai and axi.il) of the spindle; accordingly, only 
small clearance' <iro permitted in «pmdle licariit^s in conjunction with 
liii;h rii;i'lity of the hcaruur* 

(2) Adapiabilitij to variable operation conditions, in many machine 
tools the spindle beariotfs ore siibjocl to various loads in a wide range ol 
speeds, and «ic2i frequent starting and stopping 

Ollier requirements common lo all shaft bearings, including tho«c of 
spindles, arc suflicientlv hmg service life, small overall size, simple manu- 
factiiro (sleeve bearings), simple and convenient assembly, adjustment and 
disassembly, etc 

Both sliding and rolling friction hearings are used in spindle support* 


0*11 and Raller Biarlngi ia Spindia Sopperti 

The high requirements imide m respect lo Ibe accuracy of spindle rotation 
in most machine tools are the reason why ball and roller bearings of the 
abovo-standard ci.issc3 of accuracy (11. 11, \. C and intermediate cl*s‘e« 
according lo USSU Sid GOST 520^) arose frequently used In the spindle 
supports Moreover. prclo.idcd hearings and hearings with an Increased 
number of balls or rollers arc usually used to reduce the detrimental eflecl 
of cle.ir 3 ncc 3 and lo incre.iso t2»e rigidity ol the supports. 
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]•■/!'. .'j.'j. Jiia^'c/iin for (Jotonriininj' tin; r;nlial ninout at the ‘lo'rxlie no.-e 


hi f-ei«olint<; Uio clai-.s of accuracy of bcarintfs, it is iiocpHsary to lake info 
accomil the siihslajitia) increase in fheir prices with a decrease in the loler- 
atices on radia! and axial runout. If the price of a standard (II) accuracy 
hearing is taken as unity, (he prices of the ahove-slandard accuracy liearintrs 
will he 

H 11 1511 15 A15 A CA C 

1 1.2 1.7 2 2 /, 7 10 


Hence, in assittning tlie cla.ss of accuracy of Ihe hearint'S, it is good prac- 
tice to proceed from the runout of the spindle nose, which is determined 
from tlie diagram in i'ig. .05, and the ndation.sliip 

f>---C2 ri~rl 

<H 1 <■?. i 
or 

ft- C, (l-^) i-Co-f (J2/i) 


wliere c, and are the radial runout values for llie front and 
s 11 p f 1 0 1 ' I s . (('.s {I er I i ve J y . 

Assuming liiat 


6 -- 


A 

•j 

•j 


rear spindle 


(125) 


where A is Ihe lolerance on the radial runout of (he .spindle nose and lhat 


we can write 



A 



fine of the main melhods of increasing the accuracy of hall o- • 
ings in spindle supports i.s pre!oa«Iing, 'j’liis > ' ' 

the hearing rings and Ihe > 
defornn 


(1215) 
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contact ball bcan'ncs or tapered roller bearin'^ 
installed ni pairs, are preloadod hy adJiHiTiifnis 
made dnrinc a«scniMj*, ^jtbout the npe<I of special 
doMCCs (Fitrs. bfi and Tu). 

Ilndial ball beatinss can be preloaded by a\inl 
sbift of the inner rin^s in respect to the outer 
riiips In practice, ibis is ncfonipIi«fied hy ffrindiitj? 
off the end faces of the inner riit:r« (Fi?- ^*< 0 ) or by 
inscrlin" spacers of proper width hetween tbr 
bcarin)? riiiffs (Fi^j .jSb) Itelative displacement of 
the rincs can also bo achics cd hy the ii«e of springs 
(Fiff 58c) The iast is a more ads'Aiirod inetliod 
since it ensures a constant preload which can be 
more accurately adjusted 

Cylindrical roller bearmirs are preloadcJ by 
expanding the inner rintj when the beariii!; is 
adjusted axially alonu a taper journal of ilie 
spindle (Fii* 'iSd) 

A apccinl desuyn of prcloadcd rolling friction 
bearlntfs has found .ipphcalioo in the support* of 
hlRh-spcod spindles These beannip* are prehnided 
wlicn tlipj are beini* a<«oinli(ed. Thu*, the double- 
row bearinc .shown in Fie .V^a has a split outer 
rinij. When the two hahi-* of this rinc are forced 
together, clearances arc eliminated and a preload 
18 produced Ttien tlw baU-rmtr* arc filed in this 
position (for example by loclme nnes) The 
double-row ball beannsr shown in Fit;. TiMh i« of 
similar design, but is preloaded diirini; the maim- 
factiire and as.sembly of the bearinc hy epeclal 
buiU'in des ice* 



F»5 rjC .'^pindlf jif * ufiii- 
luilt inulllpIe-'piD'tle 

m»rlitne lt«il 


Incre.isinc the number of ball* or ndlers is another means of rai'ing the 
rigidily of boarmss m .spimlle .supports Standard bearings are a%ailahlc for 
this purpose with an above standard number of ball* In recent jears. 
double-row slaccered roller beannes have been widely tMc<l m spindle 
supports (see Vol. 1. Fie. 7 and fig. I><i iii the present voliime) In tbe«e 
bearings the number of points of contact around the cifciimfcrence is doubled 
A very Inch accuracy of ndation can he attaineil if couiprnsaline elpment* 
are provided lu Uio «hmeii«nm chain made up of the spimHe ii« support 
nmlllie housinc Tlie roller hearing rings m Fic hi for iri«i.iiirr are ma- 
chined toccthcr with the spindle and with the quill .Narrow tolerances are 
mnintained on the geometrical features (mit-ol-foundtiess and taper) of 
the roller raci-s d there i« a p»««ihiliiy of the <h.>mrtpr i'eitii; changed in 
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jr. 57. Spiiifllc unit uC fl scmiantomntic lathe; 

(.1) licrDio modernization: (l>) after modernization 
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a fairly wide range. After machining, t!ic diameters of the rings are accurat 
Iv measured and rollers of the required size are selected, with an accurac 
within 1 micron (one half of the maximum difference betw'een the rolle 
diameters). 

Rolling friction hearings are used almost exclusively as the thrust bear- 
ings for spindles. Two thrust hearings are arranged as close as possible 
lo'each other at one of the supports (Fig. 62) to avoid the effects of excessive 
thermal deformations when the unit heals during operation. 


Feature* of Rolling Friction Bearing Selection 

ter Spinal* Supports 

The rating life of rolling friction hearings is calculated by the formula 

C = (/?/i‘( m/i) (ri/i) /ifc/ift (f27) 

where C = capacity factor 

Rkf -f mA =» p equivalent load, kgf 
^ n — speed, rpm 

V k — desired life, hrs (in machine tool design, it is usually 

assumed that h — 5000 hrs) 

Icb and A-/, = factors taking into account the nature of the load and 
which ring (outer or inner) rotates in the support. 

Spindle bearing calculations have the following distinctive features: 
1. Spindle bearings of general-purpose ?nachine tools may operate at 
various n and Q values. In this case, the following equivalent load value 
.^lioiild be substituted in the preceding formula 




(S 

i 


Qjy-' 


kgf 


(128) 


where lij is the life, hrs, of the hearing at the speed tij and load Qj. 

However, since it is difficult in practice to lake into consideration the 
lieariiig life at various conditions, the equivalent load is taken approximate- 
ly ns 

Q,^().SQ,rar 

and is taken to correspond to the load 

2. Calculations for selecting the bearings for high-speed spindl 
erinders and certain other machines) should take ’ 
tlie speed n rpm may exceed tl ' ' ‘ 
hearing specifi 
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to l)e iiitroddco'} in the riflii'liAnd Hic nt.iiii JuMrinir s’cloclioii 

fnnniiln Tneior k„ enn lip Jetcnuinrd from Uip diajrftri In ritr. 0.1. 

3 TliP preload ii«iiaU> determined by a f»rjnij)n pr(>;>i>«eil by I), /le-lic- 
lri\ : 

^liore A ' 0 'i t»» tl () for radtat ball beanixir* \s»tli .»l»o\e '■l.Mid.inl rlearniin-* 
ftncl spmctle Iiearsn','^, and k - b'* t<» «• S for ansnlafconiacl ball bearut'.** 

The plu« <ic(» III tlic hifimila i- w«od when Ihe flrtinu thru»t load redwct-i the 
preloatl and the rnimi- «is:ti when it increases the preload. 


Utlerlalt Vui far S'lllng Friction Splndli 
Bcsrlngt 

Factors to be taken iiilt* account in selectinc Hie materials for •lidinir 
friction bearings of «iiiiidies an* wear-resistaiifc. heat cnnductivitj . coef- 
ficient of friction, roeflicieni of ImiMr expansion and in «onie ea«es. certain 
other properties of .intifnction alli*js 

A tentative .^election of the material ean be made on (he h.a«is of the 
periplicral velocity f and the spmfic pn-ssiire p fFig G») 

Cast (ron^ possess poor ninniiij:'in. or break-in. properties and therefore 
tfie surfaces of a ca«t iron bearing «leeve and the hardened journal of tJie 
steel spindle should be c.irefiiHy fini«lipil Flie spmdle should be *iiificirnll.v 
stiff to avoid edge bearing rontaet pre-*«ire. 
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.\l low peripheral velocities (lentils and liundrodllis ot m per sec), cast iron 
hearinj»s are capable of w ithslandiflfr pressures up to 200 or 300 Icf per aq cm 
Brontes, due to their reJalIvcJj' hfeh cost, arc used ns hUnelal bush/n^s 
or «!lee\«. The steel or cast Iron Lack- is lined Tilth a tliin lajer (^t mm. 

fnochined) of bronze (Fijj. Gj). If solid bronze hearinsrs are re* 
placed by bimetal sleeves, the consumption of nonferrous metals frequently 
redneed by 75 to SO per cent, .and sometimes J>y 90 per rent, the cost of the 
hearing is reduced by CO to 70 per cent, while the service life (s increased, 
especially if the lining is thin. Itimctal bearings are usually lined by cert- 
Infiigal-casling techniques in machine tool plants. 

Tin bronzes should he used only in cases where their necessity « justified 
hy calculations or experimental data. 

Babbitts are used in the form of bimetal bushings in large hearings, llnh- 
biU hearings have good runfiing-in properties, flue to which they pro\ide 
excellent sendco in operation with an unhardened journal. 


CenftruttJoai el Sileiep Frieilea SeirlRpi 


Noiifliljustnhlc bearings are not ffi-quently H«ed ns spindle support*, 
nnd then only m c.a«es when the operating conditions nre such that ft pra* 
ctically complete ahsence of wear can be expected over a long period of 
serrdco (inw'-spced .and lightly loaded spindles of micrtifini'hing machine*, 
etc). The dimensions of solid nonadjustable bearing sleeves ol bronze or cast 
iron have been stand.irdizcd 

^ioro widely used as spindle .support* are sliding friction hearings whf'*e 
ilcsign incorporates means for periodical (manual) or continuous (automatic) 
clearance ndjiistmenl \utomatic adjustments are occomplishcj by either 
spring or hydraulic action 


Be.irings with mdinl rle.irnnc»’ ndjuslmrnt. The sleeve in the*c hearings 
consists of two. three and sometimes more members Some of the members 
aro stationary while the rest are movable in the radi.sl direction, this move- 
ment being used lu adiust the clearance between the spindle journal and 
tlio bearing (Pig Gd) The main .sdv.intage of this type of bearing i* the 
convenience offered in assemhiing and disassembiing the spindle unit. This 
fc.Tttire ha* found these bc.irings wide application as the spindle supports 
of heavy machine tools. 


Ilearlnffswilfinxfaf cfe.irnnerad/u*»ment. The benrincrslectr h.is a throufth 
slot along Hs full length (Fig 67a) or is made solid (Fig f.7h) Clearance L« 
adiusted by axial moTement of the sleeve, in making adju«tmrnts on the 
first type of the*o hearing* (Fig G7o). the cylindrical shape of the sleeve bore 


II— ai» 



'cction 



"UT fi'iclioii hi-ai-i 
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is distorted to some extent. A drawb-ick of the 
second type is the disarrnneement of the ad)U<ted 
clear.ince upon axial displacement of the spindle. 

Multiple-surfnee (mulllple>«nl''e) bearincs 
ensure liicrh accuracy of rotation because the 
spindle is centred by hydrodj-natnic pre*«ure 
de\elopcd in oil ncJges at several zones around 
the circumference Tl)e<o wedt’c-sbaped oil poclcts 
are produced in thi« type of be-aring either by 
noniiniform deformation of the sleeie (Fig. C*'*! 
and h) or by using a be.iring made up of scxeral 
sclf-nlignirig segments (Fig. O'*) <p.icod equally 
around the circiiinlerence. This second type m 
also known as a tilting-pad bearing. 



Fij 70 nj-Jr<i‘tjlic f< it<-- 
nally Irj'irr 


Hjdro'tatlc (I'xtcrn.ill} pre.««urite<l) bisiflngs liaie pri»i*inn< for sup- 
plying oil at con«uleral)Ie pre‘<ure toscxeral pockets in the bearing (Fir 7(i; 
The oil (lows out through the clearances between a shoulder on the.«pindl(' and 
the end of the hearing. Hjdro<tatic bearinrs can operate under fluid friction 
conditions ocn at llio «lowc<l speeds of rotation. 

.\ir bearings c.in operate with aerodynamic pres«urt at high «pei'iN of 
rotation, nr tlicy are designed as .leroslalic supports with large «urplu* 
pressure of tlie air supply. Fe.iturcs of air bearing^ are their lower rigidity as 
compared to hydraulic Lc.inngs and lower friction losses, noth factor* are 
due to tlie fact that the i iscosity of mr is onIy~r> InduMrial ml 



CHAPTER 6 

Mi-CIIAMSMS FOR RECTILINEAR MOTION 


6-1. Methods for Producing Rectilinear Motion 
in Machine Tools 

iifctilinear inoUon is produced in machine tool drives by one of the follow- 
intr principal inetliods; 

1. 15y I lie use of a hydraulic device based on a piston and cylinder as the 
kinemalic pair that powers the rectilinear motion. A hydraulic drive of this 
type lia- many advantageous features, tlianks to which it is so widely 
empliiyod in various machine tools as a main drive, as well as a feed drive or 
a drive for auxiliary movements. All aspects of hydraulic drives for machine 
tools are considered in Part Four (\'’ol. 2). 

2 . H\ using electromagnetic devices of the solenoid type. The limited 
.stroke of lliese devices and their operation with impacts permit them to be 
used only in (he drives of control systems as au.xiliary devices. 

ily me. ms of mechanisms that convert rotary motion into rectilinear 
mol ion, Tliose include such kinematic pairs as the pinion and rack, worm 
ami r.ick. ^crew and nut, etc. 

riie lir.sl two clas.^es of methods fisted above are taken up in Part Four 
(\'ol. 2) dealing with hydraulic systems and equipment, and in textbooks 
on eleeineal circuits of machine tools. Hence, the following will concern 
only the main features of the third group of mechanisms as applied to the 
drues ui inetal-culling machine tools. 


6-2. Rack and Pinion Drives 

I lie fidhiwing features of rack and pinion drives are the most essential 
to their .ipplicatiuii ns machine tool drives: 

1. riiey have a large transmission ratio— upon each revolution of the 
pinion, the rack travels a distance equal to the length of the pinion pitch 
circle, (.on.'-eipicntly, they can he conveniently used in main drives and in 
the drive.' of various auxiliary motions. 

2. 1 he transmission ratio is not utuform because the errors in the 
affect the velocity of rack motion. It is ospeciallv ‘ 

uniform .'low travel in the feed drive 
a pinion and rack. 
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3. The higli cfficipncy of this pair onahU-s it to ho cmplojcl in driven for 
transmilllnff fon«i(}prah]c poner, hr instance in the main dri\e of rfain’r? 
and sloitors 

4. The ]acL of SDlf-hraking In a rack and pinbn dri>c prc-rnls difficultiw 
whon n is used for ^prllcal pr^itionin? movement*. On the other hand, this 
dri\ 0 can he u«ej in paralfel with annlhcr type of dn\ c— a jead screw— becau-e 
it ha? no self-braking properties. 

5. Botli rack* and pmions are easy to manufacture and |ja\c a relatively 
low cost. 


Mitfriali Uitd for Pinloit and Raeki 

Large rack pinion* and racks of planer? are made in the Soviet Union of 
grey cast iron, craJo C’l 21-50. C'l 2-W9 or C*I 3S-C0, or of steel 43 ^vhich 
undergoes structural iinproxenienl and tempering to a hardno*? lihti 230-2tX). 

In the design of feed mechanisms, the diameter of the pinion and, conse* 
qiieiitly, tlic pitch of the traversing element I* made a* «man a* po*«Ib)e 
to reduce the torque on the traversing shaft (pinion shaft in (his case) and 
(osiioftcn the fctluction (ram of the feed drive (his m view, (he pinion 
is mndo of niloj *tccl. and the rack of alloy steel or structural steel 43, Heat 
trenlmcnl I* a.-Mgiicd wiiii the aim of increasing, not only the beam strength 
of tlie teeth, hut the surface endurance limit of the mairnal (Lea ring strength) 
as well Surface contact pressure? frequently deform the teeth ol unhardened 
racks. Induction hardening «if the rack teeth n-tlcicr* the tendency of the rack 
(o ilistortion in lie.it treatment 

n.acks from ll«A» (o }~fX> mm Jong are cut in rack milling or plain bori* 
Jonlal milling machine* equipped with a future for indexing the table 
One pitch in cutting each tooth Long racks .are made of two or mure sections. 
The rack is located with dowel pins and secured to the corrt-ponding part 
of the machine with «crrws 

Hacks for feeding ilrill press spindles are sonietimf* cut directly on the 
spin<llc quill. 


Dtvign if Rack aatf Pialon Orlrii 

Hack and pinion transinissiun* in (be main drive of a machine tool are 
subject to considerable speeds and loads TJiey are de«igned on the ba*i» 
<tf calculations used for toothed gearing These calculation method* are 
given \n the Machine Design coinse 
In feed mcchaiu*m* there is no ncce-sily to check the wear strength of rack 
and pinion drives, it is sufficient to check the beam and bcanns strengtM 
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of Ihe lecllu The following formula is used to test the bearing strength of th 
tooth surfaces 

Q = lAq-- kgf (130) 

wiiere Q — permissible peripheral (tangential) force acting on the rack 
pinion, equal to the feeding force, kgf 
q — maximum permissible bearing stress in contact of the rack and 
pinion on the pitch circle, kgf per sq cm 
z — number of teeth on the rack pinion 
a pressure angle of the gearing 
rn = module, mm 
b = face width of the pinion, mra 
E = modulus of claslicitj'. kgf per sq mm. 

Tlie permissible bearing stress is taken equal to g < Soy, where is the 
yield stress of the material. 

6-3. Worm and Rack Drives 

Unlike rack and pinion drives, a worm and rack drive can be used to 
obtain low transmission ratios. Moreover, much smoother motion is produced. 
On the other hand, worm and rack drives are more complicated in manufac- 
ture than rack and pinion drives, and have a lower efficiency than ordinary 
worm gearing. 

Materials Used and Design Features 

The materials used to make the worm and rack should have good antifric- 
tion properties because much sliding motion is involved in the operation 
of these drives. The worm is usually made of casehardoning steel 1.5X or 
20.\ whicii is then carburized and hardened. The rack is made of antifriction 
cast iron. In the most critical applications, a hirnotal rack may he used 
in whicli the teeth are cut in a layer of bronze. There have been cases in 
whicii a bronze worm was used. This led to intensive wear of the worm. 
However, a worn worm can bo more easily and cheaply replaced than a worm 
rack whose manufacture requires the use of special cutting tools and equip- 
ment. 

Tiie following types of worm and rack drives are employed in machine 
fools: 

1. Worm and gear rack drive. This arrangement has point coni 
the worm thread and the rack teeth, .and is 
auxiliary motions. 
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2 . Worm and niU-lype rack drive witli the axis of (he worm arranged at 
an aimio lo (he rack 'axis (Fig. 71). The teeth of the rack resemble those 
of ii worm wheel and the type of engagement is the same as in ordinary worm 
L’'‘aring. 

^Yl)rm and nnl-lype rack with a parallel arrangement of the worm and 
r.u-k axes (Fig. 72). The type of engagement is like that of a short screw and 
an incomplete (partly enveloping) mit. In a construction based on this 
arrangement, the outside diameter of the gear in the worm drive must be 
less than the root diameter of the worm. This condition is avoided in some 
cases hy using a worm on which gear teeth have been cut in addition to the 
worm thread. 


6-4. Lead Screw and Nut Drives 

The extensive application of mating screws and nuts in rectilinear motion 
<lrives of macliine tools is due lo the following features: 

1. The low transmission ratio, when single-start thread is used, enables 
slow motions to be obtained in the feed drive. 

2. .Xn exceptionally smooth and highly accurate motion is produced due 
to the strictly constant transmission ratio of a power screw and nut. The 
degree of accuracy and the smoothness of (he motion are determined primarily 
liy the accuracy to which the screw and nut have been manufactured. 

d. riie low eft'iciency of ordinary (sliding friction) power screws and nuts 
hinders their use in main drives, but is not such an essential drawback for 
feed and auxiliary motion drives. The efficiency of ball-bearing screws will 
lie considered further on. 

'i. riie self-braking capacity of ordinary screws and mils facilitates their 
application for positioning and vertical movements. 


Manufacturing Specifications 

Standard ^^J1, 22-2 of the Soviet machine tool industry established five 
accuracy classes for lead screws. They are: 0 (the most accurate), 1st. 2ad, 
•Ird ami dlh. 'Ihe standard stipulates the maximum permissible: (a) pilch 
error {between adjacent threads and maximum accumulated pitch error for 
various lengths of iliread), (h) half angle of thread error, (c) out-of-roundiiess 
of I lie thread at the pilch diameter, and (d) runout at the major diameter. 

In respect to lead screw nuts, the standard estalilishes plus lole 
lor the pitch diameter. 

•Accurato operation and a reduction i 
.'tddilioiially require: (a) tha 



C-«. Lr tD fcntv AND XL'T JJniVfS 


to ihc 5cre\v journals bp limitetl. (b) that Ibo ntis of the load «rrp\v bcarinr* 
bp parnlJcI to tlip cofrrspondfnc waj?, (c) that flip fpaif scrpvi fia« no nxbl 
runout in its rotation, and (d) that the lead screw and ii» nut be «trlclly 
coaxial 


Materlsli Uitd (or Liad Sertwi aad Kali 

TliP materials for making lead screws and nuts are selected in accordance 
with the purpose of the screw, Us class of accuracy (see below) and rofiuired 
heal treatment Machine tool standard TV/l 22-2 recommends* (a) carbon 
lool steel, trade VIO or VI 2 for 0 class accuracy lead screws u<ed in prccfion 
rnacliine tools (for instance, jic borer’), (b) steel XBP or XT. Iiardcnc-l to 
SO-fifinc- orslccl G.jF. hardened tol'i-i'iRc. for f’l class accuracy lead screw* 
that require Inch hardne<5 after beat treatment (for example, thread crinil- 
ers), and (c) steel ATy or ott of st.andard composition, sice! <55 with a 0 l."» 
to 0 5 per cent addition of lead, or free-cutting steel AiOP containing 1.20 
to 1 5d per cent iiinngane*o for lea«l screws of 2nd cla«« accuracy (for st.nnd- 
ard accuracy engine lather), of 3rd class accuracy (for milling machine* 
and planers), and of •ith cla*s accuracy (for positioning moscnionls), which 
arc not to bo he.it treated to a hieh hardnes*. Smooth surfaces, witli no scor- 
ing, are obtained in thread cutting if the lead ’Crews arc made of eilhor of 
tho la«l two types of steel («teel with ,» lead addition and frce-cutlfng steel). 
Tiie steel undergoes a special heat treatment that reduces the deforniatimi 
of • • . - . • • • . , 

■ • • TV^I 22-2 recoin* 

ini . * • * ' 3, for the nnt« ol 

lead screws of the 0. 1st and 2nd accuracy clo’^es. The nuts of 3rd and ith 
accuracy class lead *crcw.« can al’o be made of oniifrictinn ca«l Iren. 


Centtrsetiant «f lead Sen* ind Kst Orlrtt 


Tliread form*. In Sonet practice, lead screws are u’ually m.sde with 
standard trapezoidal thread (USSR Std OOST 5))S',-C0) having a 30 angle 
of thread. In comparison to square threads, trapezoidal threads posse*’ the 
following advantages; (.i) irapcioidal threads can be rndfed and ground 
without distortion of their form, and fb) they permit ra’ier ebbing of ha f- 
nuts (full closing of the half-nut’ i’ impossible with square 
half-nuts fully cniclope the screw) One drawbaeV nf trapezoidal thread* 
b that pitch errors result from radial runout of the lead screw during the 
thrp,id-cutting operation. This haa been overcome m nialmg the 
of high-precision tliread-cuttmg machmw by ^ ‘ 

or trapezoidal threads with a smaller angle of thre.id (10 to J ' ) 



MT.rniANiHM.s rort ni:cTjLii;KAn motion' 


I'.') 



Fig. I'A, Enj'ini' Inlin' Irad ^(;rp^v in))!'-". 

(n) and (I/) ( tandard !.f aura';)-; (r) and (dj— aliO'.v --.taridard accuracy 


hcrcw lic,'irin;:f.s. Jic.'uinirs of lead .•;cre\v.^ should he desif^ried so (hat 
Um v du not allow e.vcessive a.xial and radial runout, of the screw which may 
lo pitch errors in the thread heini» cut, 

Ihni-’l hearings .‘^hould he arranged so that heating of the screw does not 
re~iili in dangerous thermal slrc.-ses and deformation. For ihi.s rea.con, lead 
srif'A- are fixed axially, in most cases, only in one support. Only heavily 
loaded lead screw-s .suhjeel to tensile .-Iressres, are fixed axiallv in hofh 
.‘•ii[ipurls. 

•slidnit' friction hearings, designed as hronze nr antifriction (;ast iron 
i.n'-'him?.-, are used for lead screws more frequently than hall or roller hear- 
me-: since they have the following advantages; it" is easier to attain a ‘ 
runout, hiishings have .‘^mailer overall size (an importan 
iiiemher is to pas*^ over the hearing) and the • 
if hiishings are imid fFig, 7't 




«- 4 . tt^D 5cni \\ and m’t linnrs 



Pig “S \iMitioii,il «i,pfxirt nf Iho l«il ‘mw fn a hljii-jwJ laili-' 


Hall nnd roller hearings are ti«eil, in llie main. /t>r hcavjly in.iJeiJ Jr.iJ 
screw? oF medium accuracy. 

I.«Md «crcws are fited m the atial direclion ciiljcr \>y Imll tliriiM J.e.iruiL'^ 
of nbo\ e-siaiidard accuracy or by rlidiniT beannes ({-kj. 711a and c). 
TJjp Jailor arc profer-abJo «n precision rnacbme looN. To ro<Jncp axiaJ runnut, 
tlio (hnmelers of llic bcarmc surfaces are made ny «fna)I a* poyjble and 
sclf-nliffnini; splioncal rin?s are einplojed (FI?, "."id). 

( nii«(ruc((nti^ (ha( reduce fu'iidtiif' ifi-foriiiallon tirffiad xcrew*. \’ari<itJ* 
nu’lliod? are npplud lo reduce ilie defleciion of Jc.id screws Tlif-e 
include 

(a) The ntfiJil) of the screw bearinjrs i? rai'cd b) u«jn!j busfiinir^ willi 
n lin;lier Icncth-to-lioro duuneler raiio, i e . Jeiistli-io-diarneter ratio «d ilie 
screw journal. Tins enables a single bcarini; to be H«ed fur «liorl lead <erew«. 
till’ second support bom? the nui. Screws of medium len?tb rerjuiro two 
be.nnng- in any c.i>o 

(b) .\(ldi(i(inal supports are proxidod for long load ’‘crow*. If tbe screw 
1? not ton licaxj. tlio supporl is do*igne«l ns a •■leeio of sufficient length 
whose bore is an exact fit on the major dianieJor td the screw thread Thi* 
sJecyo Iraxols together uitb iJie nnl In the coa^ltiiction fhouri tn h'lZ '*• 
sleeve .9 is fitted and serim**! m sadille / amf h.is a reco«s m nccoinfnod.ilp 
nut 2 

(c) The denoction of lung beaxy lead screxvs js reduced b) Ibo prouMiui 
of a hinged support x'hicli is pushed nxxay by the saddle a« ft (r.uel« bx. or 
of supports which only p.artiy rnxelop tliescrexx (Fig To) In the second ca*e. 
(lie nut i« also designed for p.artly enveloping the screw This ts an o'senli.xl 
drawback of such a construction because the eccentric application of th' 
feeding force dexelops .i moment that tcn«l« to bend the «cr»M» 

The fcad «crew i' ruminuo/y amasw} the mjj« tn the 

plane of tlie bed (or ba«p) to reiluce the moment which toniN to swixcl the 
table Of saddle m <i horizontal plane. Lead screws are thus arrangoil in high 
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Jig. 78. Two-scction nut with a wedge for periodical backlash adjusliuenl: 
1 — clamping screws; Z — .adjusting screw; J — wedge 



Fig. 79. Backlash adjustment by means of set nut a 
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(1) •Uh 



lirr 


Dalian of Scraar and Nat Drira Uaehanittna 


TliP «linirnjioii< of tlio lead 5crow and niU nn? dclrrnilnrd on llic l)a«i« of 
^\oar rcsisianco. .«lrciictli and ngidily of tho con«tnici(f>n nnd of tlip Incllin;* 
stability of tlic lead scroTv. 

f. nV(jr-r«ji/anff ea/<rufaf/oRJafc carfioil out by Jctcriiiinln(? tbo fucrajp 
specific prc«««rc on ilie working surface? of the tbread by means of the formwh 


r = 


!(»»(> • 





kef fver sq cm 


wlicrc 0 inaxiiniim trasersmj; (food) force, kpf 
s =* thread lead, mm 
t, ~ heiplit of llire.id cmratroinonl mm 
L leni^th of the nut. mm 
z ■ number of starts 
dp = pitch diameter of ibe thread, mm. 

Denoting bv /' and ?ub<tilulini:. "e obtain 

tnifh . , 

P P<‘r -’q fm 

from winch ^ 

rSi? """ 


(iji) 


(ir) 


In standanl trapcroidal thre.ids subMitutin? for fj Jn the 

last equation we can write 


lO-f J» 



• :.’i;f:nA:;isM= roi; rKCTiLir-.-E.'.r: motio;; 

Tli(' ratio /.' == — is ta3:on in Ihe ranire from 3.5 to 4: for half-nuts fclasj 

r/, 

( . ' ^ *> * 

A ^ •>. 

3 ht' perniissihie a \ (.Ta^f.* specific pres.stire may have the f(ilIov.inir Y:i!ue,s: 
i.o /•' ■ 50 .i;"f per sq ern for a .steel lead screw and a hronze nut intended for 
pnci.<^e feeds fthread-cutf in" machines, engine lathe.- and thread-inillintr 
maciiine.'! and th) p =-- 320 3:"f per sq cm for other crifica] lead screv.-? frnill- 
ine macljine.') mating v.dth a Lronze nut. and p -- 80 kgf per .sq cm for the 
.'.iuie lead .‘:cre’.v.= mating ^vith a cast iron nut. 

2. StTf'/islIi calculations, for lead screws. A lead .ecreu' i.= subject to comhined 
tcn-iif (or compressive) and torsional .‘^tre.sses. and strengtii calculat ion.s 
,ire i'.;'ed on the equivalent stress '>vh!ch is 

o,. -O o- 4 t- - j/ [.^j — 1 (-^)* kqf ptr sq nun (181) 

’A here F - ~~ = area of the minor-diameter cro.=:.' =ecfion. sq mm 

.1/; — torque tran.=mitted hy the .‘-'crev.'. l.'gf-mm 

c\ 

ir. ■ /' -r sectional modnlii.s of torsion, cu mm (the effect of 

Jt* .* 

the threa<!.s on 15'. i.' neglected). 

\fter substituting, '.ve can write 

i I s^I • \ - 

a. - " f' (/’ — \ kgf jier sq min (38.') 

1 *!'■ torque 1 ran'niilted by tlie .-'ifW [.-ee equation (302)] is 

— -rf— kgf-mm fl.'Pi) 


V. r; !- th“ efilcifujey of tlje and nut’ pair, dotermined bv tin- 

■e.rn.:!!.; 

n87) 

fi - lu liv angle <d tl;e tiiread .at the pitetj diameter 
;■ *> to S' ;uig!<- of friction c>f tfio thread 

td • nd are tin- a- in equ.''.ti.)n ft81). 

i .';o P'T;;! i.-.'iidi* ('U’livch.-ut .-'.re-- i- ."‘"igm,-'! in avcor'ianre with the vieid 
t f' : f; O'; of tie- -ere’.'.' niaterii 1 -o that 

O; (.) to 8 ..>;g.. kgf per sn rnm (388; 



6-i. LE^n 5cnin .»M> Mr inmi 


nr 



Fig. 8 S. VisgruM lor Im<I ‘crct* cjifcijf«lf'>n« 


Ihsulitij calculation^ Iho fli.ihjo m flip flirt-.itl piicli, dtJp to roni- 
prp««jnn or Ipjisiun of the 'rrpn- iwm flip Ir.iippkjnj; [li'filnic) two (j, m 

mm 

wijrrf E j-* Voijnff « /».o}win5 t>\ rh^Ocity. Ipf per fij mm; s and F aro 
the fame fl« nho\p 

It rail he «c‘on in Fit: fi2 (c|p\p|opmefii of <>im* turn of Dipc.id on a plane) 
that the cli.’ins’C in ttip ihrrad pilcti. dur to the t«i*l of the lead fete'*, from 
Dip lorrjiip M,. i* 

i.r< — f ±> ■— intii (Ihi) 

The anylo of tui>t <if a Jra«l ‘cicw oxer the Irnjth of one pilrh m 


1 

u,. , 

TX"'' 

(lil) 

henee 



Xf, 



where K,~ moduli^ of r/.i»tirify 

in «hear knf pir *r{ riiiii 



J ~ polar inojiirnl «>f iiii'rli.i ot the «<rew rm" »iction iiim* 
Analyzin? rfjualKiiK (l.t'tl ami (ISJ) wt* ftioj that \'i i c \aria 

lion in pilch i-* priniari/> dup to axial ilefonn.iti.ui riiii* in (hUrmi/mitr 
Dip riffidity of a Jead «rrpw . fh.im;r» in piirh «liip to ior«ion can ho tirzlrctcd 
The pprrni''’«iMp increase or dpcrpa«p in ihp ihreail pitch DioiihJ fip 
on the ha«i5 of l(ic pitch twferance for n lead «fre\\ «>f tin' corre-porofin; 
accuracy cln«^. 

1 /IticKlmc stahihtu ealculallont I! the lead 5cn-w opf'rate* cinder a mm- 
pre^-cne foad and il^ Ipn^lh i' conjideraMe in Coinp.irMon with it« diameter. 

!"• 
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it phduld be cbeckin! for bucklin? stability as a slender column loaded 
(be centrally applied compressive force the maximum traversing for 
riie critical traversing (feeding) force is 


Qcr 


• min 
(V/)" 


Icgf 


(f/i 


where F Young’s modulus of claslieily, kgf per sq mm 

minimum moment of inertia of the cross sections, mm'’ 

\l reduced buckling length, mm. 

Tim margin of buckling stability is determined from the formula 


_ Qcr ^~EI HI in 

Q - 


( 144 ) 


The length factor v can be taken as follows: for two fixed ends v = for 

A 

one fixed and one pinned end v = and for two pinned ends v = 1. Machine 

tool industry standard II4S'02. developed by D. Reshelov and G. Levit 
(EMMS), recommends that the end conditions of screws in their bearings 

bo establislicd in accordance with >4 = where is the length of the bear- 
ing and do is its bore diameter. This ratio is used as follows: if H 
the bearing is considered as a pinned end; if ^ 3, the screw can he said 
to be perfectly fixed in the bearing; and if 1.5 < XJ < 3, the screw is imper- 
fectly fixed in the bearing. In this last case, if the other end is perfectly 

fixed, then v = —r=z . 

I 2.S 

The end conditions for a solid nut are considered to he the same as for 
a hearing, in accordance with the ratio of the nut length to the thread pitch 
diameter. Half-nuts arc treated as an imperfectly fixed end. 

Tlie margin of buckling stability is taken in tlie range tii^ — 2.5 to 4. 
Larger values are taken if the screw is subject to transverse forces developed 
by the drive. 

Tlie buckling stability is checked only for long lead screws in which 
v/ ' (7.5 to lU) f/j. 


Rolling Friction Screws and Ruts 

\ arious typej of screw.s and nuts, operating xvith rolling friction, were 
developed to eliminate the detrimental effects of sliding in threads and con- 
sequent wear. Certain of tiic.-e types are being used more and more in 
macliiuc tools. 



e.4. Li'AH scrrii' and \vt rrni.s 


In aildition to the low frtetton ln“«cs 
nntl tJic efficiency (ritr. 83), an 
l/nporlnnl ndvantape of rollm^j friction 
5CrpivTi and nuts is that they can fce 
preloaded ?o as to completely cliiainale 
backlash. Hacklash is cclrcmcly undesir- 
able in ca«es of aUernaUi»;» axial load' 
and reversible precise motions (as in the 
drives of numerically controlled machine 
tools), 

Ilollini; friction can he substituted for 
.sliding friction in screw and nut p-iirs 
cilher by using rollers, rotating freely 
on their axles, instc.id of nuts (Fig. 81). 
or by employing balls (anil sonielimes 
rollers) running along in Ibe thro.id 
between tho screw and nut on a recir- 
culating principle with a return passage 
(Fig. 83) Uccaiisc of difficuliios encoun* 
tcred in manufacture and assembly, 
constructions embodying rollers (Fig. 81) 
haie not found as wide application in 
machine tools os [laU-bearing screws 
The thread of bal)-hc.iring screws and 
nuts Is usually of baJf-roiind (Fig 8r«») or 
of oglie (Gothic arch) form as in Fig. 

In both c.Tses. the small difference in the 
cur\'aluro of the balls and the r,iceway 
(thread) increases the contact »rc.i and 
tlierehy reduces the contact stresses 
As a nilo, b.sll-bcaring screw and nut 
pairs incorporate deuces for I».acll35h 
elimination and prcloading (Fig 87) 

The design of baH-be.iring screw* and 
nuts includes: 

I. Statte strength calculations m arconl- 
ance with permissible contact .*tre*se« 
/n staadani screw and nut paire, the 
maiitnum permissible static lo.-id on one 
ball is 

kgf 

where cfi is the ball diameter, mm 
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Fis;. S.'i. r.all-bparhig «crc\v and mil 



Fig. SG. Thread fonn.*; for hall-hraring screws and nuts: 
{<!) li.Uf-rtHiiul; ((■) o"ivc (Gollilc arc) 



Cl 


Fig NT nrickla'h i-iiiiiinalion and pre-loading in hall-liparing srrew.< and nuts: 

{■) (!) 1.) asl.Tt I'u'-.'Ui'.-au-a’. n! ti.r nul fictieiie-, (c) liy relative rotation o! lt;e nut iprllon? 



«-5 tir\icr< ion «>hll i)i«rMrn!! vts 

2. flif:ldili/ ealeulallons «ii tfip mla! d<'(J(ctinn of tlip nut 

lo tijp 5crpv\ »)jjp to defortn^tion^ in the thrc.vlcil nrut. Pn'fo.i-fins 

5iil.'‘lantiallj- inerpav-s tLp roritart nzoitty onil enables thp dcfnrmitiuti 
lo be a««iifnefj bein'* prnpartlnrial In llie load. 

I lie rigidity of ImlMjearing ."crews nnd niit?, on 5td 112.1-7. i« 

/ctrOlii rfi/'|r I^ltf per nirii {I5('} 

w/irro df '= di.iiiicter, mm 

z = «!r*'ign niiiiiher *»f lialls 

/•p, -= normal prdiKad force per Iiall, lef. 

Taking errors in in.umfachirr inio consideration, tlie design nnriibcr nf 
lialls can lie taken eipml to 

= 0 fJJ7} 

where is the iiorninn! nnmher of hall" carrjing tlie load. 

In ailjitiDii to other factors. I>.all-Iteariiig screws that are in contiiiwoii" 
operation ."hoiild ho checked f<»r dnrahiliiy. 


6*5. Devleei for Small Diiplacemenli 


The rignlitj of ordinary ineclianl«m« of the rack and pinion nr tlie rertw 
lj|ic is often insufficient to pro\lde ^e^y accurate small «li*plafenif'il«. 

Under definite condition", a imii in slow travcf'C I" ."Hljert to what hn« 
heeii called “stick-.«li(t* phenomena winch i" a nonmiiforin motion with nlttr- 
ii.King Stop'S and jump" ^tick-<ftp motion hegin" at speeds helow the crldcal 
^nIllc for the gnen s>«tcrn of dnse TIim« 

trr m per «ec 

I ’t^"' 

where <i/ ^ diffcronce hetwifn the coefficients of ."lidiiig and static frictinn 
y =r iiormal fnrcc cterteil on the ways, kgf 

\}- relative energy di'"ipalion in Mhration" {ilimen<i(uile'< >alii0 
4: = reduced rigidity of Hie drive, kgf per iti 
m = ina«" of the tra\cr'ed unit. kg. 


Ciulof comlitions uf h.omJjn. friction, typical of machine tool slidew.i>«. 
A/ -'-0 Goto G la. andlherelatneriienrj di'«ip"lifin in vihralinrs }• approxi- 


mately Ip = I to 2 , ,, , 1 . 

The linear value nl the )«mp" in thi" type of tmnuniform rnotimi i« ditir- 


mined hy the relatiori«hip 


(IV') 


where J. > I i-" a hirlor depetiding upon dampirg 


tliC ilrjve. 
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\.<ri(inifonn ic!;- 5 lip" motion can be avoided, or its detrimental effect. 
(,.ii !.f redneeti. cither iiv irnprovinjr the friction conditions (by iisiri" bydro- 
or aerostatic .^lide-.vays), or by incrca.'ing the rigidity of the drive, 
has led. ui machine tool engineerintr. to the use of .special devices oper- 
.oiiii; without deari)nce.s or backia.<^h and ensuring a high rigidity in the 
drive. 


T.icrmal'Enpansion Drives 

I In- motive fle% ice in a thermal-expansion drive is the thermal eleincn! 
v-hM-*- temperature deformation produce.^ small di.sjilncemenl.^ of the travol- 
lifor unit without the need for any other kinematic links. The principle ol 
ihi' drive wa.« developed hy B. Breyev and lias hcen applied in the infeed 
dir.e of a riumlier of models of cylindrical grinder.'. 

\ tliormal-expansion drive (Fig. SS) consists of a rigid hollow rod whose 
one end is secured to a stationary part, of the machine (bed or base) while 
the other end is linked to the travellinir unit. When the rod is heated, its 
free end lia.s a disfiincement ciiun! to 

M, ^ 0.1 St 

\vh(-re a coefficient of linear o.xpansion of the rod material 
I leuolli of the rod at the initial temperature 
\t tempernltire increment. 

'['he rod is heated cither hy rneaii.s of an electrical healer coil or liy pas.«- 
luc' low-voltaeo iiieh-amperapo current throiuth the rod itself (Fig. 8'.t). Tiio 
rod 1- cooleii to return tlie unit to its initial position Iiy passing cutting 
nun! from the coolant system throueli ii. 

' ine drawback of a tlierrnal-expan.sion drive is that it evolves heat which 
may lead to temperature deformation of adjacent units, thereby reducing 
ma. iiiriitio accuracy, .\nollier drawback Ls due to thermal inertia which 
dot- not allow thi,= drive to he used for frequently repeated movement.s. 


Ittncnelostrittion Drives 

The op, rating principle of the magnetostriction drive (Fig. 90) is similar 
to tim! of the therninhe.xpari.=ion drive. The required displacement is oh- 
laint”! hycreatintr a magnetic field around the free end of a rod made of ferro- 
matmetic material. The lenpth of the rod is changed hy varying the strength 
of tlie iield (Fig. HI). Some materials e.xpand when the field strengtir is 
iurrea^e.! (positive magnetostriction) while others contract fnegath'c ma"nc- 
to-triction). 
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CHAPTER 7 

MKCHANISMS FOR PEHIODJC 
( i \TI‘ RMrn'EM) MOTION 


7-1. Periodic Motions in Machine Tools and 
Devices for Producing Them 

In ciTtiiin mriciiino tools llio workiriG: process is devised so that the rtdative 
fiu^itiiins of the blank and ciUting tools mnsl he changed periodically in 
order to obtain liio finished workpiece. Such a periodic inoveincnl of a unit 
or part of the machine tool may occur before a new stroke, pass or cycle and 
may he either rectilinear and' of definite length eacli lime, or rotary and 
iliroueh a definite angle. Periodic motions of the latter type are called 
uule.nri'j niotinn.'r. 

Periodic motions include, for instance, llie feed motions in planers, shap- 
ers and slot tors, infeed in grinders, turret indexing and various inovemcnls 
in aiilomalic and semiautomatic machine tools operating on a cycle. 

Ileipiirements made to the accuracy of periodic movements depend upon 
ih(' specified dimensional accuracy and surface finish of the work that is 
to !h- machined. In this rosjicct. highest accuracy is required of the mecha- 
nisms for indexing spindle carriers, mulliplc-stnlion tables and lathe tur- 
rets, and of the indexing devices of gear-cutting machines operating by the 
.sinele-iiide.xing principle. On the other hand, no especial accuracy of motion 
Is required of the feed mechanisms of planers, shapers and slotlcrs. 

Ueuardless of its construct ion, a device effecting a displacement of some 
milt of a machine tool cannot in itself guaranlco high accuracy of periodic 
motions nor their repeatability. These factors are determined by the errors 
III m.uiufactiirino .'md assemhlintr the mechanism, clearances in its mating 
fomponciits. actions of inertia forces, etc. Hence, to obtain highly accurate 
ptriodic motions, it is necessary to make provision for automatic locking 
nnrhanianix that can ensun.' accurate fixed positioning of the unit being 
displaced .at the end of each movement. 

Periodic motions arc effected, in modern machine tools, by: (1) varioii.s 
types of cam mechanisms, (2) mechanisms incorporating overrunning 
clutches, (d) ratchet gearin'.: mechanisms, (4) Genova wheel mechanisms, and 
i.'>) elf'ctru-, hydraulic and pneumatic mechanisms. Magnetostriction devices 
(see p. i.'i2) and step inulors have also been used to some extent for this 
purpose. The latter are especially promising since they enable tlic periodic 
feed to ho varied in quite a wide range, and also to cliange it aulomaticaliy 
in .Tcc.irdance with the cutting speed. 



7-2. hatchct <.rAm\r, vrcn»M«v« 


One example of earns u.«cil for periotiic motlont 
is the sinclc-, two- anil three-p.w plate earn* 
of pear fhaper*. It i* /n>ri»enti}’ difilirfilt 
employ cams to obtain motions of coti«iilcfabje 
oicrall lenfjth 

An overrunnine clutch can be consrnKfitly 
npphcrl m periodic motion trains uhere the first 
drivinc link of the train has a reciprr»entin 2 
motion. U'hen this fink moves in one dirretion 
the oveminnin? cltilch provides a rieid nnrl 
positive kinematic linkage Let«een the corrr- 
spondint; elcnienls of the train; upon movemfiit 
of the link in the opposite direction, the clutch 
is disenttaged and (he linkage is eliminated. 

lioth cams and an overrunning clutch are 
employed in a inechanijmfor indexing the carriir 
of a foiir*.spindle automatic har machine (Fitf. ‘* 1 ). 

Cams 0 and 11 are keyed to the camshaft 10 of 
the automatic and arc in constant contact with 
rollers C and S of the segment gear S. The cams 
are profiled in such manner that segment gear 5 
accomplishes a periodic rocking motion on pin 7. 

This motion Is transmilleJ throucU gears <7 and 
•/ to gc.'ir rim 2 of carrier 1 An oveminning cluic)i is built into the com* 
mon hub of gears J and d. As a rr*uU. c.sffier / is turned (indexeil) in only 
one direction— counterclockwise. 
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7*2. Ratchet Gearing Mechanisms 

Hatchet gc.iring i< especially convenient in rn«es wlien the lime allotted 
to the displacement is limited. For this reason, it is frequently applied in 
the feed mechanisms of machine tools in which (he intermittent feeti move- 
ment takes place during the ovcrtravel of the tool or the rapid return stroke 
(in planers, shapers, slotters, grinders and gear finishing machines). 

In most cases ratchet gearing is u«ed to obtain rectilinear motion of liie 
corresponding unit. In (hi« ca«c. a pawl periodically turns a ratchet wheel 
with external or internal teeth through a definite angle The latchcl wheel 
Is linked kinematically to a power screw which travepes the table, slide, 
etc. Rotary periodic motions can aI«o be arcomplisheii by me.sns of ratchet 
gearing. 

In one full stroke (back and forth) ol the pawl, the ralchel wheel can lie 
turned through an angle as large as 1)0' or l(«l’. but in m(r«l c.v«es the angle 
does not exceed d.'i®. 



roH in;nioD!C >sotio.v 


i.'t^ 



Fiu'. O.'i. W-iryiii;:; pcn'mlir fifili'iiiiitteiit) inolions jtrodticcd hy raldiet gearing 

an\<u!ul of iulenuilloot motion prodncoil hy ratchet ucnviu'' should, 
as a nile, he varialile. 'I'lie motion can he varied; (a) hy chniiginii: the angle 
of swingiii!' mov('menl of tlie arm tliat carries the operating pawl or (h) if 
the arm o«rillntes thnmuh a coiislanl arc. hy covering tlie ratclief wljccl 
teeth over a part of the arc descrihed hy the paw), or hy automat irally lifting 
the pawl out of emrairetiK'tit iluring part of its stroke, 

Meclianical versions of the tirsi of these principles are shown scliemalically 
ill Fig. ‘.i.'ifl. (i and f. riie angle of o-^cilialion of the pawl arm is varied l)y 
adjusting slide block 11 along the slot of a crank disk (Fig. !)5«) nr of rocker 
.irnis (I'/g. tf't/j ami r). In hydranlicnliy operated machine tools, the swing 
of the paw! is varied hy changing liie stroke of the jiislon notnnting the ))awl. 

The tninciple of devices that vary the angle of rnlchel wheel rotation when 
tile [law! stroke remains eonsiani can he seen in Fig. fill. Here shield 1 can ho 





j ic) (d) 

i ic V.iri'itd< nuitiiai r.ilidti-l Fig. !*“. Torah forin- of ratrtict wliccd--' 

gi’.rrnig fiii|)P>yi'd in mailiiiu' tiMd" 
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aJjiisieJ lo cover more nr loss teclh of the ratcliet wheel wjlhln an^lo a 
Iho shield is Jield In the required position hy the sprin?-Ioaded plunder of 
/ever 3 (hat enffauos a hole of stationary' sector 2. 

If the intermittent motion of the ratchet wheel is to he reversiMe (as, for 
instance, in the feed mechanisms of planers, shapers and slotters) llie teeth 
must he of symmetrical form and the pawl must he tlesiirncd so that it prop- 
erly engages the teeth after being turned o\er to operate m the reverse 
direction 

Tlie numher of teeth s of the ratcliet wheel is determined from hinemaiic 
calculations of the train; in the great majority of cases r = 12 to 2o0. The 
circular pitch of the teeth is t = nm, where m, the module, is selected so 
that the diameter of the wheel is not too la^c for the unit of wliicit U is to 
he a compfinent. Standard 1122-4, worled out hy ENIMS, stipulate^ the 
follow ing ranges for evternal ratchet gearing; a =« 20 to20D, m ~ 0.0 to2.5 nmi 
and wheel pitch diameter Z> *= 30 {zm «= 50 X 0 6) to 200 (zm = 200 X I) mm 
and for internal ratchet gearing: a =» 25 to 200, m =* 0.0 to 2.5 mm anil 
£> es GO to 200 mm. 

Tooth forms of ratchet wheels areshow'/i in Fig. 97 in which a and h .ire 
for nonrevcrsible gearing and c and d for reversible gearing. The working 
flank of tho teeth of nonro'crsiblc ratchet wheels should be either radl.il or 
slightly undercut (10^ in Standard 1122-4). 

The possibilities offered by the application of ratchet gearing to produce 
periodic motions in machine tools arc illustrated by Fig. 93 which shows 
the iflde.ting device of tlic model 355 semiautomatic spline grinder. Here 
tho swing of the pawl remains constant (lOO") while the periodic rotation 
of the ratchet wheel, linked to the work spindle, is \ acted by covcriafc teeth 
with a shield. 

This indexing device operates as follows Deforo the A\orking stroke of 
the table (to the right), oil under pressure is admitted into the right end of 
cylinder 10 forcing plunger II Co the /eft ftack teeth, cut on piunqer 11. 
mesh with segment gear 9 which carries pawl 7. The sector begins to turn 
■ ■ ' er the periphery nf siiieid 5 The c.im lobe 
withdrawing locking plunger 4 from a slot 
o ratchet wheel G. This reic.ires the ratchet 
wheel. Then pawl 7 runs off shield ^ and engages .i tootii oI the ratcliet wheel 
turning it Ihrougli the required angle The index plate, work spindic anii 
spline shaft being ground are liirneJ together witii the ratchet wheel Some- 
what before the end of tins motion, the cam of segment geari? rclcaso- phmger 
4 which, under the pres«uri’ of the oil in cylinder J enters tho netl slot id 
the index plate ... . . . .i » 

The niechani''ni is reliimcd to its initial po^itnm l)> switching the oi» 
now to the left end of cvlin.Icr/0. Dog 2. damperl nn index plate/, operatfs^' 
.ism.ill-sizc limit switch which transmits a command to the infeed mechanL*m, 



^0 


Fip. 03. Indpvinj; device of the model 315 foiniaiitomntic yplino finder 

of t!)0 "riruiiti" wlioel nflcr orich pass over all the teeth {.''pline.'), i.c.. after 
(•aril complete rev<iliition of tlio work spindle tocrclher with the index plate. 

Hatchet cearinir al.'o find.^; application in count in" nicchnnisnis (d machine 
tooN. incliidin" device,' for atilomaticnily .<witchin" off the machine after 
a certain definite element lias completed a pre.-et mimher of full .‘-troke.' or 
revoinlions. 


•* I* * 
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\ t leneva wjieel t 

■ hani^in. con.-istini' of a driver 

- 

:.jl the whec'l p.*- 

'Pi", 'd'.t). dificr.= from ratchet 

, 4; 

■" in that tie' 

■ oi perioiiic rotation cannot 


Con^ • ' 

fierte\a mechani.sm.« are 
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V in ind(‘.xin" device,^ with 



rotation. 'I'he^e ajiplicit- 



piridlo carrier.' in aiito- 
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of turrets and of 
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«• ratio ffor example, 
he kinematic train 
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between the Geneva ^^llecl and tlie indexed component of the mschine tool, 
tlie angle of rotation of this component can be varied tliough the Gcne\a 
wheel rotates periodically through a constant angle. 

ith rare exceptions, only normal flat Geneva wheel mechanisms with 
equal angles between the adjacent radial slots (Fig. 99) and with e.Ttcmal 
engagement are found in modem machine tools. Hence, only this type will 
be considered in the following. 


Principal Kinematic Relatlonihipa 

Let us assume that the driver of the Genex'a wheel, which is usually de- 
signed as a lexer or crank with a roller or, less frequently, a pin at the end or 
even as a pin wheel, rotates at a constant angular velocity <0 = '^ see"*, 
where n is the speed, rpm, of the drher shaft. The rotation of the Geneva 
xxheel through the angle 2a (between adjacent slots) takes place during the 


required for indexing the Geneva wheel and t, *=> (T — (/) is the lime the 
wheel is at rest, then, tor w = const we can xxnie 


r 




(150) 


To avoid impacts at the beginning and end of the Genova wheel motion, 
the meclianism should bo designed so that the angle between the driver and 
the slot IS 90* xvhen the roller enters and leaves the slot. In this case cc + f* = 
= 4andp=^ — a = where a “ 4- s number of 

slots in the Geneva xxheel. 

Hence 


r a 2; 


(I5I) 


or, since — — sec, 



(152) 


and the working time coefficient of the Geneva wheel is 



(153) 


lt-639 
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if l)if‘ }ji))P tr Ihni llio wIuH'l IN to 1)0 at rest is oivoii, llio roq nir( 
■'|)i‘('d of tlio flrivor shaft will he 

: ■ 2 n-' 

n ■■■ — - rpin (l-' ) 

- 'r 


'11)0 lo':? in itroduclivily due to the periodic indexing of the (lenevn wlioo 
can he n'dticeil by rodiiciii" the time Since the time depends upon the 
{trores.-io'r operation. /, can ))(■ reduced if o> ■- const only hy reducinir the 
iiniiiher of slots in the tloneva wheel and addiim Iransmi.ssions in the kinenial- 
ic tiain to ohlain the required nnmher of stations of the component heiiio 
indexed. Snell a solution is nndesirahle and. in some case.s. nnacreplahle 
since, other things heintj equal, a reduction in the iiuinher of slots leads 
to an increase in tiie inertia torques actino on the drix'erand wheel. 

\nolher method id decreasing the lime /; is to increase tlie speed of the 
drnersliafi diirinir the period of (leiieva wheel rotation. 'I'iiis possihilily. 
himexer. i.s lirnileil hy the increase it leads to in inertia torques. 

.\ more favourable relation between /, and /, can lie obtained hy sloppintr 
tlie drixer or slowing it ilown durinir the time that the part heiiiij: indexed i.s 
to he at re.'^l, and aniomatically eii'raointr driver j-olalion just liefore inde.x- 
uiir i< to lake place. In this case, the angular velocity of the driver can he 
as'igiu'd so liigli that the lime /j will he siifliciently short. Such a solution 
i*- ajiplted in unil-huill machine tools in wliich the inde.xing of amnlliple- 
't.tlion talde is powered from a separate electric motor Ihroiigh a (leneva 
whi'(d meclianism. 

If the kinematic constraint hetxx'een the camshaft and the driver is not 
In he ilisengaged, the jirohleni can he solved hy inrlnding a transmission 
hciuccn ilieni whicli must satisfy two conditions: (a) tlie driver sliaft must 
ni.ikc one full revointi<in for each full revoiiilion of the camshaft; and (h) 
diirint: the time liiaf tin* camshaft turns Ifiioiigli a certain angle reserve(i 
for indexing, tlie driver sliaft turns through the angle 2{>. 

In (irniciple, this can he effected liy any transmission liaviiig an average 
lr.<(omo!-iun rutin 1 and who.-e driven element rotates at varialde 

.sper-t ulien tin* driving element ha.< ronstaiil angular velocity, for inslaiu'e. 
I'lltpiic.it gearing. 

\nnilicr sointion i.s lo combine the (leneva xvheel niechanism with inlcr- 
notifiii gearmg, link or otlu-r mechaiiivin. These devices are difiiciilt to 
I’laniif.ti ( ore .Old nnrrdi.dde in operation and llierefore liave been used vmy 
.'•chi. 111! Ill machine ton! design {.vee p. IT.'l). 

Since the time reipiired to turn the (ieneva wheel > d. it follows from 
e.;n,!tinn or (t.'iL*) fiiat the wheel can not have le.ss l!i;iii three .-iols. 

We c.in uTite for the random posiiioii of the f.eneva wln-el rnechanisni 

slinV.II 111 l-'e.;, ItKI th.ll 


tan 
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T\liere >. = — 

r = drh cr r.iditi*! 
e =5 ccntre-to-ccntrc distance. 


Hence tlie \elocily of the Geneva wheel is 

X(to<T— )) .. 


(ir.t5) 


wliere ti is the angular \elocity of the drher or pin wheel and j< con- 
stant during Gi‘iic\n wheel rotation. 

The angular acceleration of the Geneva wheel i« 




).(1- 




(1.-.7) 


in which C|c >0 for the first half of llie wheel ninlinn where its angular 
velocity increases, and e„ <0 for the focotui half (Fic. iOl). 

To avoid a solid impact at the beginning of wheel rotation, when the pin 
engages the slot (the position of the mechanism shown with chain lines in 
Fig. 100), it ts necessary that i-)^ /« “= 0, l.e., as follows from equation (150), 
for «p pt the coiiditinti that cosp — >. »<) mii<l he satisfied. Hence, 
r = e cos P or 

?. a- y = sina = «in^ (158) 


wlilch means tlial the pm (or roller) must enter the slot in the radio/ 
direction («ee Fig- ‘l‘J) 




Fig lOl \npiil.ir M-l.inU and anuular 
acccicralion nii'i' fur a lliri'e---lol Gcnt'- 
\a nlKvl null <>:ii'nidl fngaLH'inenl 

IJ* 
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hi fill's c.'isc. oqiin lions (15G) niid {In?) become 

sin — ^ros if —sin 

:: {,> 

i — 2 sin ~ cos if f sin- 


(15 


re „ .'I . 

sin — cos- — sin if 

'■-^7 ^ (ICO 

M - 2 sin ‘'0= -f -r ] 

I’liiHcii on the Imsis of those eqiialions. the curves of w„. and c„. (or of flic 
ratin'-- and wliicli are numerically equal to (•)„. and r,^., respectively) 

are for a threi-slol fU'iieva wheel with a driver velocity w 1 sec"*. 

I'he above formulas for the angular velocity and nuKular acceleration 
r,, of a t'iciieva wheel refer to a theoretical case in which w ~ const durinq 
wheel indeximr. the relationship (15S) is accurately maintained, the centre 
lines of tiie fieneva wlieel slots are strictly radial, the anqies between adja- 
cent slots are exactly eiiual, the {lin or roller of the driver is lilted to the 
.‘•lots wjihotif clearance, etc. Deviations from such an idea! case arc inevitable 
in practice. A.s a resiiit. carves (•),,. and r,,., when obtained exporirnontally, 
differ to a more or le.-s oon.siderable extent from the thoorclical curves. 

The lari; of constancy of w,. duriiiK wheel indc.xinc and tbo inertia effects 
this leads to are the cause of premature wear of the parts of the indexed nnil. 
Ibis i.s one of the drawback.s of a tieiievn wliee! mechanism. 

.\s is evident from equations (loll) and (157), oi,,. max at i( - 0 at the 
uiiddic point in wlu-id inde.vinq. Substituting this value of ip in equation 
(I.'i'i) we can write 






- r 



sni 



(IGl) 


Therefore, the fewer the slots in the Geneva wheel, the hiqher the maximum 
anmuar velocity ei;., of the wheel at the same ant;nlar velocity w of the 

driver. 

The an!,m!.ar ncreleratiuu of the Genova wheel at the bosjinnino and end 
ol Uie indexin- motion are determined from equation (IGO) for'q' - fi 

'! - Ci - as 


e.. • 


fill 


• • 



dr (0- tan -7- 


{1G2) 
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Since, in all cases, Ian >0, then e„ |„, 0. This means that Genc\a 

\%heel indexing is always accompanied by impact load increase at the initial 
moment ((>)„ = 0, Bu, ^ 0). The fewer the number of slots, the hca\ier the 
impact will be, as is evident from the last equation. Therefore, from the 
point of view of prolonging the service life of the locking devices, it proves 
more advantageous to apply Geneva wheel mechanisms with a large number 
of slots. 

At the middle point in indexing <p = 0, and it follows from equation (157) 
or (160) that in this position c„ *= 0 because the sign of the angular acceler- 
ation changes (see Fig. 101). 

The maximum angular acceleration „ax of a Geneva wheel increases 
rapidly with a reduction in the number of its slots. For example, the maxi- 
mum acceleration of a three-slot wheel is approximately 23-fo!d that of 
a six-slot wheel for tlie same angular velocity of the drivers. Hence, Geneva 
wheel mechanisms with a small number of wheel slots are not advantageous 
in respect to their dynamic performance. For this reason, in designing a 
Geneva wheel mechanism for Indexing a three- or four-station table, head 
or other unit, it frequently proves expedient to use a five-, six- or even 
eight-slot Geneva wheel and to arrange a transmission with the required 
ratio between the wheel and the unit to be indexed. 

The requirement that the indexing of the Geneva wheel should not be 
accompanied with a solid impact is primarj* in determining the relations 
between the geometrical dimensions of the mechanism. In addition to the 
relationship expressed by equation (158), it follows from Fig. 100 that 

>.,^£=co34=r'r=:>? (1C3) 

This indicates that only one of the dimensions, r, II or e, can be assigned 
at will. 

The length of the slot should be somewhat larger tban 

h = r + n — e = e (sin-~ ^ cos (104) 

In order to enable the driver or pin wheel to be secured on a «haft 
between bearings on both sides of the Geneva wheel, the diameter of this 
shaft must comply with the condition 

d<:/ = 2(,— B) = 2, (l-cos4) 

or, otherwise, 

-i<2(l-coj-2-)=4siii=^ (165) 



hanK'Ms ron rrinonn; .motio.v 

At v;iliie 5 nf r. Hip nilio-^b .'^iiuill ami. t<» avoid iiicreasimr tlii' 

(li>!.'uitc (■ PWc.-’.-'ivfl V. it oftori lioronie^ ?u'ftv>‘ary to jnoiiat Iho driviriu 
(di'ini'iit of the nuTloiirisiii at tlicoiid of its shaft, i.o.. ovorhaiitriiiL' t iio hoariiio, 
A I'oiidit imi similar to ttt'o) is 

~ <2^1 — sill 'i sill- 

whora tl is tii(> diamator of tlio sliaft on wliicli thi' Geneva wheel is secured. 
Constructional Features 

'i iic const rnctioii of a Gicneva wheel mechatiism depends upon the accepted 
l.ineinatic scheme and the permissihle overall size. 

The driving’ element can he desiuned in the form of a lever, fiin wheel or 
a t;ear or worm wheel carrying tlie pin lonlii. which can he u roller (hnshino) 
mounted either directly on the pin or on needle rolleis. In some cases a hall 
hearing of siiitahle diameter, mounted on the pin. serves as the pin tooth. 
Hoth sinoie-snpjiort (overhaniziiiL') and Iwo-snpport rollers are u.sed as pin 
teeth in tin* Geneva wheel mechanisms of machine tools. 'I'he second, tnore 
riidd design is to he preferred. 

riie driven element is made either as a sidid part in the form of a wheel 
or dis!., or it is assemhled of separatt' sectors or strips fastened to the jiurl 
to he indexed in such manner that the spaces between them constitute the 
slol^ of the Girneva wheel. 

I'lii' rolliTS are made (in the I'SSU) of steel c'rade HGXlf) hardened to 
,V'.ii;;n, ,,r Ilf ^;U’el 2tt.X which is caihnrizeil and then hardened to r)l)-li2Hr.. 

In the Gcnev.i wheid. the components subject to wear are iisnally made 
of ^tcc! lU.X hardened to 'i.'i-.'iilii,-. 

ITxampie,' illn-tratim;,' the aiijilical ions of Geneva wheel nu’chanisms can 
hi‘ found in tsec. 2-*^. \'o!. 


Ofsijrt of Flat Geneva V/hccI Mechanisms v/lth 
Estcrnal Engagement 

t ..ih ni.it ion-’ invol\(-d jn the design of a («eneva wheel meclianism include 
tin- dctirmin.ition i,f tin- pi.wi-r required to index the wlieel. of contact 
u! !lii‘ C'linpomitl-^ of ihe mechanism mol the heinlin*.’ .stre.'s of llie 
dtiM-r pm (or ridU-r .i\ic). 

rti-ci’i- ca!rui,itiuu< .III- i oniplicated by the variable efiiciency q of a Geiie- 
\ meciiani-m. n«iv.i \i-r. the iis-’Uinption that i| const oive- results 
tls.'-f .-r<- '•ufticii lit! y .iCf’nr.Ui- tor all praclic.il purposes. 
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In each po^iiion of Ihe wheel diirin); indcxinj; 
(Fit: 102), U<5 shaft is subject to the torque >U,rr. »fiie 
to the resistance to motion of the masses Imkeil to 
the wheel, and the torque of the inertia forces, 
resulting from the fact that ^ const. The total 
torque acting on the wheel shaft Is 

, -f- 4- ( 1 07 } 

where / == moment of inertia of tlie displaced 
masses referred to the shaft of the (lencs a 
wheel 

e„. = angular acceleration of tlie Geneva wheel. 



Fig 102 Crncva wlipol 
di~ign (liagratn 


It can he assumed that .1/,,, = const. 

Consequently, the torque on the shaft of the driver in indexing the Geneva 
wheel is 


M = -L =. ^ /t^) iii. J- 


(108) 


This torque can he thought of as Ihe olgohrafe sum of the torques 


and 



(100) 


of which the first is a result of llic moment of the static forces of resistance 
to mo(ioi), referred to the wheel shaft, while the second is the moment of 
the inertia forces Usually .1/, < .Ifj. 

After selecting a value of q (see below), equations (15G) and (IG”) can 
he used to determine Ihe values of w„. and for angles of driver rol.iljon 
from P = ^ — — to 0. so as to plot the curves for Mki- -Ifr tmd M, which 
will provide a sufficiently complete idea of these torques for various posi- 
tion? of the mechanisms if A«f is taken in intervals of about 3’ to Since 
it is assumed tliat Af^, -- const and that oi = const as well, the ordinates 
of the curves for '' ‘ ' to the ordinates 

of the curves for ' or the torque Afi 

includes the prod..w. .. ; to a more com- 

plicated law' than does Air and, in contrast to the latter has different signs 
in the first and second halves of Ihe indexing motion 



Mi:ciJ,\Ni5M5 ion rrnioDic motion' 


The in 5 tnnlr!iicutis pou'or on Ihe driver fliaft i? 

kpf-rnm per sec - 


As rnii he seen from Ofjiintion (100) the averapio torque Of; “ 0. 

Consequently, flio total averaeo torque M actinir on the driver shaft, is 
equal to the average value .1/, of the torque due to the static forces of resis- 
tance. Tims 

__ f. 

A(--=.l/,-~r2 (171) 

Here, we suhstitiito for A/, its value from equation (Kifl) and, since 

,1/,. - const and ^ . we ohtain 

10 «</ 

~i ( 4- '7'j' 

|1 q d di’ * j. 1| .) ' 


T rr f • — 

(sec Fiy. 1U2). .\ow, since a---~ and (i^ee p: 

cxpjcssion will he 


,U ^ .U,,, 


(see j)aee 101), the final 
(172) 


The average power required Ivy the driver should ho calculated, liowcver. 
for the first lirdf of tlie iiuiexiny motion when the load is inpher because 
the ma.'^.n's hein? indexed are boint: accelerated (c,, >■ 0). During: this part 
of the indoA’ing motion the average torque is 




i’iicrcfuro, tlie average torque Mi, resulting from the inertia forces, depends, 
.-qi.'.rt from the referrcit moment of inertia / of tlie displaced masses and the 
angular velocity (o of the driver, only upon tlie mirnher of slots in the Dfiiova 

v.'h<.-d , ; sin Thus 



_i ( 


U— /.j ij 


,t- /.) 


A'l.r determining M' l>y mean.-' of equntioii {17:t), wc can find the 
.V, rage r n-.jii-rod (o drive the indexing device in the first half of tin* 
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indexing motion. Tims 

iV = j/'o) kgf-mm per sec or A' k\V (175) 

If the Geneva s\Iieel mechanism is poncred from a separate electric motor 
(as, for instance, m machine tools with multiple-station tables) it is necessary 
m selecting the motor to take into account, in addition to the average power 
A', the maximum power required during Geneva wlieel indexing, on 

the one hand, and the capability of the motor to withstand short overloads, 
on the other hand. The determination of the maximum torques d/„ 
and ji/maz acting on the wheel and driver shafts, respcctiscly, is also ncces* 
sary in designing the parts of the mechanism. 

Evidently 

A-i u mas ~ A / ler “f* max 


(J7C) 


(177) 


in which case — const and 

= (•^)’= 0 Oill^ rn> 

The maximum component torques acting on the driver shaft arc 

d/l ma* = — (Cwteu))^^ 

From this it follows that torque Mr reaches its maximum value in tbo 
middle position of the Geneva wheel during the indexing motion (tp =» 0), 
when oJu, = Wp max- The torque M, „gx can ho readily calculated using 

the relation — 

The torque Mi, resulting from the inertia forces, reaches Us maximum 
value at an angle q which satisfies the conditions 

I 

and 


(178) 


•Vftcr determining the xalue of the angle <p = qm. at which Mi is at 
its maximum, from the first of the preceding equations, the second can 
he readily calculated. Thus 

>»(f— XSitcosCm-Xlsinv-n r. 1 

{I-2XcosT„-X*)3 n 


( 179 ) 
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From this {lie values of tlic forct-» P ati<l can be .Iclenninfil in tlic 
foriTi of the fiincHons P = Ft (.\fu, if) am} P_ - f, 

V)- f»ne<» am} P„i can be pfottpi} .icconfiiic' to f/ic ansfen. 

lo avoid coniplieation? in designing the component nf a (leiiova wheel 
incciianism and to take the variable nature oI force* P and P^ intncnn«id' 
cration. calculations are usually based on tlie matimtim \aliies oftIie«e 
forces Force P,,,. due to Ibt* torque of the static force* of resistance 
to wheel indexing, reaches its maximum value at the middle of tlio indexing 
motion when the arm of moment is sliorlcsl (-cc Fig, lfi2). TIiih 




In this position of the mechanism 


'rrj: 


(ffii’) 


Force P^.f, due to the inertia torque, reaches its maximum xaliie .it xalow 
of angle q (hat depend upon (lie number of wheel <Inis r. For > arlnu« x nines 
of r: 

J i S c 6 

I 'H.0 O l.’i, 0 0118 U td31 O.CMiSI 



In this way. forces and /V. reach tlieir maximum xnliios in iliffereiit 
po.sit!(<ns of the mechanism Catcuhuions for tleterminiDg the maximwiit 
xaliie of Pte can be -implifitil and result* sufficiently accurate fop practical 
purposes can be obtained if it is assumed that P^ nar when P^i »' 


The calculated x.ifuc3 of P^ and P arc ured to check the hearing strength 
of the ToUcr am! the working surface* of the slot, and to design the bearings 


of the wheel and drixer shafts 

Tfie following axerage xalue* foxer one indexing tnolion) can be taken 
as Kie efficiencxi of Gciicxa xxheci mecfiariisius if the xihcel i* moimtcil on 
a shaft ruiimiig in slccxe be.irinps — qs U 8 to (• •), if the shaft runs in anti- 
friction bearings— 1 ] s (»‘h>, and if the t«ene\.i wheel is integral with the 
spindle carrier, driim. etc i c . if the diameter of the bearing surface i« 
larger tlian llie outside iliameter of the wheel q =s t> 7o 


Flat Qeneva Wheel Mechanltmi with Internal 
Cngagcflient 


Geneva wheel mechanisms with inlemaf cngagenicnt are les* often ««e<l in 
macliine tools than those xxtth external engagement pe principal kmc 
malic ami dvnaime relations are derix«f similarly for botli l)pes. 




7-t. OTHER MECHANISMS FOR PRODUCISC PERIODIC MOTION'S 


173 


The choice between Geneva wheel mecha- 
nisms with external and Internal enga^C' 
n^ent depends upon the specified operating 
conditions of the corresponding unit oI the 
machine being designed. For tlic samenum-* 
ber of slots and the same wheel indexing 
lime, the maximum angular acceleration of 
the Geneva wheel for a mechanism with 
internal engagement is considerably higher 
than for the same mechanism with external 
engagement. This advantage of the latter 
type of mechanisms is frequently the decid- 
ing factor in their selection. 



Spherical Geneva Wheel Uechaniemt 

The advantages of spherical (spatial) 

Geneva wheel mechanisms over the flat 
^ ariety consists primarily in their capability 
of transmitting intermittent motion between 
shafts at right angles without the need of intermediate mechanisms, 
such ns bevel gears or v,orm gearing, as w-ell as their small overall 
size and lower inertia forces and torques. However, they have found 
only limited application in machine tools, mainly in semiautomatic unll- 
bulit machines and certain special machine tools (for example, in the two- 
way semiautomatic 8-spindle hocitonial boring and thread-cutting machine, 
model 1C285, designed bySDO-1 ISpecial Designinp’Office, No ll for machin- 
ing the sections of beating radiators). This is true for both Soviet and foreign 
makes of machine tools and can be explained by the fact that the manufac- 
ture of flat Geneva wheel mechanisms has been mastered for a compara- 
tively long time and they have been standardized in some plants. Ouing 
to this it is frequently more expedient to apply a flat Genova wheel mecha- 
nism in conjunction with some other mechanical transmission than to master 
the production of spherical mechanisms 


Fig 103 Angular velocity and 
angular acceleration carves for a 
four-slot Geneva wheel with mier* 
nal cogagemeot 


7>4. Other Mechanisms for Producing Periodic 
Motions 

Along with the mechanisms considered above for producing periodic 
motions, many other devices — mechanical, hydraulic, pneumatic, hydro- 
pneumatic and electrical— and combinations of them in a single or m differ- 
ent groups have found application m machine tools The choice of combined 





! < 1 !; 


::i* h y t in'’ n[icr.)tii(c coinlUinDS. for oxaniplc. 

!-i r>:iur<' ‘ill- tiffi*' n’frniro'i fur itt'ffxiiii; ri ronihin.''! io!! of a (icnova '.vhri'l 
'.vi’fi liorjrirrnlar "c.uiMi,' rati hr li'-t'd; to (•hatii.’f the I 
ratio iiitvoi-n tin- litlviac ati-i .irivrii a ronihiiiat ion of tlu- satnr 

tn('i !i.''iii-!!i V, il); < irriilar "far' ran hr riii[»Joyri}. (-Ir. 

Anion;' the tnrehanira! ilrvirr-' »5rd to (irodiirr periodic (inlcriiiit trtit) 
luotion-. oiisiT than ram. ralrhrt udirri and fJrnrva udnad int'chani'^nis. 
ate 'll'- follow inr. 

J ti'-rruitl.-ti: ;v (';/■//;;’ cori'-i.-t.' of a driven irrar v.'itli a full footli rim while 
the driNint! year ha^ iri-tli only om r a inirt of it< rirctiinfeirm’e. If tin' liriv- 
iny <•).,, r liiis tr' tli am! liir driven year r,. tri'lli. then for each full revolu- 
tion of tin- dri\'iny 'yrat the di-i\( n year Inrzi? Ilironyh (he anylr y ■: 2" ~ . 


tr.oonii'-''ion of thi' operates with impacts at tlu' heyinniny and end 

o! ilie tooth enyryeiiK-ni . if a pair of specially prohled jolliny h-vers is added 
to till-' yeariny. il ran he ma'le to operate without impact^, 

fonrr a;, of n-or;;; i!rt;--y jmwered from an individiia! (dectrir motor can in* 
ap[diei in varioii- ways. 
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8~1. Befenhs MeVens In Machine Teels 

In Ihe operation of mo«t typea of jnaclilne tool*, n more of Ic** frerjiioiil 
re%ersal of at least certain motioii5 i* rp(|iiirc(I. Tlii* I's line priinnrily to 
the fad lliat in most machliiP tools oillier the main driie motion or rerlnin 
feei) motions are rccf/linear njf. in most cases, are tlio position/ni' motiofi*. 
In planers, shaper* and sloltors. holh the cnliitic and feed motions are 
rcclilinenr ObMo««!y. a unit travellitu: in a straifthl line must he reserseil 
at (he end of its stroke 

In the design of certain macliine tools it is iiecr«sary to make prii\isinn 
for tho reversal of certain rotary molioits as nell. to eoahle (he innclilne* 
to perform all the nperntions they arc iiiteiideil for The Inclusion of a roers* 
ing device complicate* ttic construction of the mnclitnc tool and It* cnntnd 
and, in some ca*e«. its manufacture or olcclncal rirciilt. Hence, reierslng 
devices should he iiicorpoMlcd only in kinematic ciiaiti* in «hirlj the iicimI 
for them results from the piirpo*e and functions of the chain. 

In some maclitne tools other motions may he re\rr*ed n« u-ell. This riiay 
he due to the nature of (he operation heing pcrformc'I or the introihirtlon 
of siipplcmentarj' motions which .ire necessary or disiralde in order to oMa/ii 
a hotter siirlace finish lonirtT loo} life. etc. 

All positioning motion* ii«t*d for setting up the maclnm’ tool or during 
its operation should al«o he reieraihlc 

8*2. R«(|uifementt Made to Reversing Devices 
AppHobhltj CrUeils fsr Vadtut Riverffng Syttimi 

^Iotions III niaciuiie toot* can he roscr*ed Ii> me.nts of o/ectriral or fluid 
power ties ices. h> ii*ing purely mechanical desice* or hy s.irion* fnmhin.s- 
lions of these Tin- ciinicc »f a suitahle variant is gosemt-d hy llie rrfinire- 
ments m.sdc to tlie resersing dcsice. on the one hand and liic liegrce to whirli 
these reiniircmcnt* are complied with by sariou* ri'Sfr»nvg sj^icin* or 
vei^ions of them. As uMial m comparing variant* (hat are cijuisalrnl a* to 
performance, pcn<}iicthiltiy anil economic considerations hecome the d<ci'l- 
ing factors 




nEQUinEMENTS M40E TO nf4rn«IS(. pEVirrs J-; 

and reverse speed** nre required, a t«o- or miiltiple-spcod motor can be 
employed. 

The liiRh frequency and rapidity of rc4er<*als obtained with a hydraulic 
drive are not yet practically attainable with a drive powercil by a reversible 
electric motor. This is explained by the fact that in the latter case. In each 
reversinfr process it ii necessary first (o absorb the l.inetic eneriry of tlie 
massive rotor, running at a hiRh angular velocity, and then to accelerate 
the rotor again to the same or different (but also high) \elocity in the oppo- 
site direction At tlie same time, parts of the unit being rovcp’cd are also 
braked and accelcrateil. fn a planer, for instance, such parts include the 
gears in tlio train to the table rack, their .shafts and the table \\ith the work- 
piece Of decisi\e importance is the rotor of the motor constituting from SO 
to 95 per cent of the kinetic energy of the reversed mass 

Conditions are more favourable in hydraulic re\crsing: the hydraulic 
circuit contains no rotary reciproc.ating components pf>s«es*mg liigh kinetic 
energy at tlie moment when rex ersing begins .\o rotarj- reciprocating gear- 
ing, running at more or Jc5.s high speeds, in the tram to the reiersed unit. 

■' ‘ piston, only components oI 

in weight, are periodically 
• v.iKespools and plungers, 

arc shifted from a state <if rest and. consequently, their movement requires 
very little lime 

Because of the comparatuely small inertia forces, tlie accuracy ol rever- 
sal acliieved witli hyilrautic reversing is very high and depends mainly 
Upon the inertia of the reversed ma'i of the machine tool itself {hydraulic 
reversing devices are taken up m V«I 2. Pari Four) 

Notwithstanding their great advantages, electrical and hydr.viilic de- 
vices cannot he u?c*l for reversing in all ca«e5 «>r in all macinne tools .A num- 
ber of conditions limits the applic.vlion of reversible electric motors, while 
hydraulic reversing proves convenient only in machine lofds in winch the 
main (working) motion** are powornl by a liy<lraulic drive 
The /rcqueifCi of re»er«af feasibJe vvilli a roechaniral device ran he very 
liigh and is restricted only b> the inertia force>> of llic reverse*! ma«« 

Tlie time T and the accuracy of reversal ilepend upon the same laclors 
as the frequency. If the kinematic tram of tlie unit being reversed includes 
elements or transmission** that permit slipping h/r erarnple friction clutches 
Or bell vlrwes. or fle\ihlc links, the time t will he greater than withoui 
Such elements m the tram Slipping leads to a reduction in impact*, and 
reversals ares mouther. The timer is «»vtremely short for reversing niecli3ni«ni5 
having only rigid connections between the link- \s the clearance* in the 
rnecliaitism increase *!uo to wear and are not aiilomatically compensate*! 
for (for instance, a** m articulated joints or gearing) the reversal time increase* 
,rnd the reversing procc«s is accompaiiicil bv impact.** in the mating part 
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ex<'' -- fif .>rauc<,‘. Tlif- rPVfr.'a) nrcuracy. a.'-' t>i liine .uid [dnco. dppciids 
t'l a i'Ti'.'it upnii '!!•■ lunui'iT .’nil itiricnif-udf of tiic'.'i* clearance'. 

Ili<' iih|..T!ant pr-riorniancL- rltararlrri^tic-' <>f a rcvfr.'inp device 

pr rriii'-MMe fr-'-quejicy ff rever^iti”. reversal time ntn! rover.'in^' accuracy) 
>. ,\'.i f>e improved’ I. y a more expedient de-^iirn in which provi.^^ifm i.^ made for 
• lenu ni' wiiirii eliminate Icackln'^h and other clearances and reduce the iuer- 
tm jorcf- aa.tirix' diiriiu: reversal, 'liiif i? ‘••ometinic,- achieved hy inakiiur 
comj'onr!,!'. wlso'e Pinet ic. eriertry !*= of prime importance in rever-'a!. ofliohl 
idlovs or (u v,<d<i( d conplrncticin. 


B*3. Energy Losses In Reversals 


The pruc<— ■'[ reveisiti': from sonn* anenlar velocity cm to volneify foj 
11! tin' opjio-itc din ctiojt nf rotation /or from a linear velocity to the rever.'i' 
'.ehn'ily r,) consists of two phases; lirahimr from (■>- to li an>l acceleration in 
the revfi-c dije.-tion from ti to (o, (fir in a similar manner for rectilinear 
motion), f.eneraily speahimr. the velocity doe.s not v;iry durint; reversals 
.'.rcoriiim: to e. linear dependence a? has heen assumed in the ctirve ofFiir. K') 


m V. hie!) the acceleration is constant flnriiip the if-versitm' jteriod.s, 

d'he jiri'Mem of redncinir the enerey loss iunl prolonqim: the service life 
of the co-ajionents ,,f thi. rever.siin: device acquires erf-at importance if smne 
unit i‘- June iically r< \er>ed at liieh fretnnmcy (for e.vample, tht' falde of a 
jdasifr). .\!) anrdy.sis 'hows that the hiakimr of a shaft hednq rt'vcrsed hy 
nosim- of a. chifcl! rotating at the .'^aioe spi-ed jn th(- opposite direction rcsnlt.s; 
m .! !o-s in eje rcy thref fidti th.st in slojipine the .sludt with a separate hr.ike. 
' 'nseipn ii 1 1 y , iii order to r»'dure enf'rey losses, emd t<'i increase lhf‘ .‘'('rvicf* 
life of tin- frictio.-i p.iii- or chitrf) Iiti((ies_ ;[ more advantaoeoiis to desi'.’a 


ti.e ri ! r.- 
sorh. d hy 
dir. ■ tlol!. 


■ !;e ■. hmii'i!! ii! such a mamuT that the kinetic onerqy is ah- 
.'•i.ike am! the clutch is u-od, only for accider.ition in tise opposite- 
til! if." ill f .'o-r;.'y i.’j iicei h r.'l ion is ad'o tai f-n jjiio consideivi* 
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tion, it turns out that for the case in which the forward and reverse %pJoci- 
ties arc equal, the total energy loss during the whole reversal period is only' 
one half as much when brak-iug is effected with a brake end not with the 
clutch. 

The cliiichcs and hrale of a reversing mechanism should ^n^e controls 
with an interlocking feature which makes it impossible to switch over from 
one clutch to the other wilhooi applying the brake between tho two clutch 
engagements. This is most simply accomplished by single-Jctcr for single- 
button) control of the rc%cr?ing device. 

Since reversing de\ices with clutches, including those with electro- 
magnetic clutches, are being superseded by other devices to a greater and 
greater e.vtcnt, these mechanisms will not be considered here in more detail. 


8-4. Constructions of Remslng Mccbdnlsnis 

Spur and bevel tumb or units, planetary and worm gearing ore used as 
elementary' reversing mechanisms in tnachino tools. Belt reversing drives, 
which found fairly wide application previously, ore very rarely used in 
modern machine tools and therefore will not be described in the following, 
along with chain drives used for the same purpose in a few models. 

1/ the reciprocating rccttltnear or rotary motion )s otcompihhed by a alid- 
er-ccank, link or cam mechanism, there is no need for a special reversing 
device. 


Spur and helical idler gear reversing luecbanisms. Idler gear mechanisms 
made up of spur or helical gears are extensively employed for reversing 
a shaft parallel to the driving shaft Motion is reversed by transmitting 
it through an oven or odd number of idler gears, most often through one idler 
gear for one direction of rotation and by direct engagement of the gears 
on the driving and driven shafts or through two idler gears for the other 
direction of rotation 

The most frequently used versions of idler gear reversing inechanisms 
have sliding gcare or sliding double clusters of identical gears, gears in con- 
stant nicsh and engaged by clutches or a sliding key. and tumbler gears 
which arc brought into engagement by sm^elling them about s slntionory 


axis (tumbler gear reversing unit) 

rv- . . e.^i tvnn of idler cear reversing devices arc illuslralco 


structional length of the unit, eipcesseu as a ii.u.t.,..u 

of an ordvn.xry gear, and the gearing ratios for forward and rev erso rolalioii 

arc given for each diagram. Figures / and // designate the dm ing shall run- 




I'-i. CO^STtlf LTIOS^ OI neXERSlSG MECIfAKIsn*? 


ISl 


Jaw clutclics and. less frequently, gear clutches are n<od to switch over 
Hie roNCi^ini: units in the food mcciianisms of lathes, ^c^ticaI turret lathes 
and milling machines. In the hcadstocks (or speed gearboses) of such ma- 
chines. requiring frequent re\er3als, a rc\crsinc device with two friction 
clutches is used for forward and reverse spindle rotation, if a revcrsihle electric 
motor (sec above) is not used for this purpose. The most extensively ii«ed 
arrangements of these mechanisms, whose principle of operation requires 
no explanation, are illustrated in Fig. f07ii. h and e. Constructions incor- 
porating these principles are shown in Figs. 32 and 35. It is good practice 
to make provision for lubricant supply from inside the clutebes to reduce 
heating and wear of tlio friction surfaces from slippage. The arrangements 
shown in Fig. J07b and c are used when the number of speed «tcps in forward 
rotation should he more than in reverse rotation (or vice versa) 

The moments of inertia of multiple-disk friction clutches are, ns a rule, 

much higher than tho«e * ” • . . - 

to arrange such clutcl of 

Fig. 107. If the clutch " he 

reversing mechnnism will be in operniion even when the rlutcbes are disen- 
gaged. The moments of inertia of jaw clutches arc le«s than tlifxe ot gears and 
such clutches arc mounted on the reversible shaft. 

Bevel gear rerersJng dev/ees, censisliogol bevel gears, are used In various 
types of macliine tools, in working feed and rapid traverse mechanisms, 
in roll mechani.sms. etc The main advantage of a bevel gear reversing 
device is that it is equally applicable for any relative positions of the driv- 
ing and driven shaft* Its dranbacls are the comparatiieJy large overall 
size in transmitting high torque? and noisier operation when compared to 
spur idler gear mechanisms \s can he scon in big 108, in which / and // 
arc the driving and driven shafts, respectively (the former rotating in a con- 
stant direction and the latter being reversible), tliP«e shaft* may be coaxi.iJ 
(Fig. 10.8«). parallel m each oilier (the chain line in the same diagram), 
square to eacli otlier (Fig l(»8b). or arranged at an angle not equal to Ou’ 
(Fig. 108c). At the same angular velocity of tlie driving shaft, the angular 
velocity of the driven «liaft can be the same in both directions (Fig lOSa 
and b) or different (Fig K'Se through /) lo the latter case, however, tiie con- 
struction of the mechanism i* more complicated 

In the same manner a* spur idler gear reversing device? the bevel gear 
type can also be inverted m the pen*e that either shaft I or 11 can be the 
rcvcrsililo one. , ... . _ 

II the reversible sU.i(l runs at low specil. it praclicallj doe? not matter 
on which of the two sh.i/fs the iejcvl gears are mow.vted Ojbr^vi^c, the 
idler gears and the clutch ?h<mld ho arranged, whenever po^ibie. on the 
reversible shaft 




8-S. CONSTIiLCTlONS Of 1|E\ERSIM} JJLCII INJSV-S 


ts-» 

tlic racks, and reversal in the 5ec(ions of patli ccirrespoitditi'’ u, of 

the gear with llie end half-gears. 

The mechanism shown in Tig. iil provides imiform rotation of the <lri\e« 
unit of the machine (though at different speeds in each direction) over the 
sections corresponding to meshing of the coiisunl-spccil drtv mg gear witii i!ie 
segment gears (whose centre angle is o) and rev cr«al of this unit at the sec- 
tions corresponding to mcslungof fhe driving gear with tlie end lialf-gcae* of 
the composite gear unit. 

In the first type of mechanisms (Fig. 110) (he velocity of tlie driven unit 
varies during revcr«al according to a cosine curve; in the .“reond type 
(Fig 111), the velocity vanes sinoiiitil> lietweeii llie uniform velocities of 
the forward and reverse rotation of the unit. 

The reversing mechanism s/iovvn in Fig. Ill has hecn ii«erl, for etampic, 
in the train for cradle roll and hlank indetlng in the spiral hcvel gear genera- 
tors, models 525 and 528. 

The formulas for kinematic calculations o( geared reversing mcclmniicns 
of these types were derived hy Xibiiiv and can he found In the Machine- 
Building Handbook, Vol 1 (Moscow. lf)t»0h The method ii-ed in dfsigniiig 
ordinary gearing is valid for dynamic ralciifatioiis. 

In designing reversing mechanisms it is advisable to lake into consider- 
ation the variation of the forces acting during reversala. This iiivfdvi"^ tii'' 
introduction of a service life and variahle-iliity factor into the c.ilculatiou 
according to the general mctliod devciopeil by D. Heshclov. 

If those values cannot he osiiiitaied vvith sufficient accuracy m dv 
anew machine tool, it will he necessary to c,nrry out calculaiimiH 
lain margin, basing them on the maiimiim .acting forct-^. nmmts nw 
forces in the rever<.il period 
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9-1. Beds, Bnscs nnd Columns 


'i h" itiaiii iiindc <*• tin' hod. hnso or c<dmnii of a niachinc 

tnfd i' that i! tiiaiiu niio-' iho proper relative pioii ions of flit* iuiit5 /uid parl^ 
!r!o!t!.J>d or. it over ;« loti;* period of rervice under all the .tpocified worlatip; 
ro:,d(iio:i.-. Tlii-^ i'. achieved hy de-iynitio lo.eatiit;: dafiuii .«iirfaccs on (he 
hed, h.oe or c.dtiiiiii for the jiriiieijial miit'; \vho»e position-^ remain nnehnnoed 
imde.r- the .'ilitive-iiieiif iotied ronditiori,*-. The ioratiiio datum .^iirfarer for the 
‘r.o.'idlii!!’ or adjii'-iahle nnit’- iind pnr’5 .are str.'iiifht-lim* heariiips r.alled way.-^ 
or pitidi". or vav; .ilonp v-dtich the unit can he adjusted. 

It foUou- tli.il. aloii;* with the re<(nirenietitr of strenplh, prodiicihility, 
iov. metal re'inir.'iiiejii -and .‘■iifiicieniiy lo’.v c.i-(. (he mo«t imporlnnt rerjniro- 
(ii(-’it m;o!e to hed-. ha-e; and ctdiimm^ i*- ,‘-!ia}ie in variahility. 'I’his prop- 
etiy dep. n*!*; 11(1. i!i; (!) {>ro[)er r> lection of the hed material and the manu- 
f.oturin;; (ire. a-'-. ( 2 ) tin- provi^i.m for a <tatic and dyiinmic riuidily at 
v.t!i(l( tl.e def.irniat ion of (l.e hed. under the ariion of the ma.xiniiitn forces 
diir.ti/ ofieMiion, i- within limits conf.')rmin:.’ with the machinin" toler- 
,'tn‘c , all. I f.T) a siifiicit ntly fiiph '.vear-r< Mstance of tlie way.a. 

Tile ■ otiiiirota! ion of .a h'd (lia'C, c.diuiiii. r-tr.) is determined {irimtiriiy: 
t!i hy tiie .irf.!i;."'ojieiit of tin- w.iys on (t for v.arioiir' unit- of the mnehine 
(j| hy (he wt'[,-j,(, dimen-iot.c .itid iefipiii of -Irol.e of tlie main unite 
.'.’id (.!) h)' !}:e mre -ity tif hoiediiv vajioiis nteidi.anieme in'^ide the 


!, (!;d ft) h;.' tl.e lie- e sjty .if o. jii inp variom- ..(leninp-, tipertnre-., etc,, 
u: thi !m d v..ill- for .l'■■«'fuhly, di-a-^. ruhly. in-pection, adjnsltm'nt ami 
hda<>.aj..n ..d v.irioa- .merh oii'-n.-- of (?.•• ttiacliine, am! pad-, [u’.ackets and 
h.,’ .,•< 'tie hi ! •...)!!' for naeanti!!’.* v.<rio-i' devices. 

i !,'• on- r.'.! (o:. o', .’oah-pro im lion ni.a dsm'' tooF often involve- the rt'mov- 

I . >« !«»•».. I . ..u ; t . ... f * . ' I I 


• f t.h*- tti.icliiiie, am! pad-, [u’.ackets ami 
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1 12. Cross srciton of ttic brd of the model 1722 srmisutomatir znulllple-lc^l Isllje 


tho beds of modem bigli-prodiiclion macliine tools fora biiiU-in ciiip conveyer 
'Of tijo screw or other types that coolmuously disposes of the chips during 
opera Hon. 

In designing a cast beil. general foimdr) reguiremenls should be complied 
''illi. Tlicir aim is to facilitate moulding and to reduce shrinlage stresses 
As mentioned abo\ e. .a bed must be sufficicniJy rigid, ffowercr, this is inad- 
equate to ensure the rigidity ol the macliine-lool-fiTture-ttorJcpiece complei 
The sclecljon of feed nod depth of cut that are permissible for the required 
machining accuracy, the class of surface finish obtained and the specified 
tool life depend upon tho rigidity of the whole afore-mentioned complex 
_Tbis has Jed to the tendency to tie Ihe niain parts of the maciinc tool logrtb- ‘ 
or so as to form a closed frame (Fig IfSa shows (he open construction ~- 
and Fig. Il3h. the closed, or frame, construction), to r.i^t the^bed Integra^' 



fr-: «ATKnrAL<5 ron rros. n4«rs ANj) COM MS'* 

winniic~lica«1slocl:'iroiTsm^aml lo fmpTrty'fl-ninnoblock (infindHIiic) con- 
•structinn — “ 

Ribs connectinff llic bod walls or cast onto ibr w,i)l< Kronlly afTocJ jbc 
npullly. Tlio cffici'rncy of nbs m incrcasinfr the rigMity of llie coiKtnicHnn 
dcpcnils tipon tJieir arranffejnenl. quanlily,sliapea/ 3 d 5 j?e(«eo f/efoH;. 
imenls-rofTfliictctHn-KNlMS-br'IlrEniVeycv-oji-brds of \arioii3 conlrcu- 
ration sliowed.'for-eTampIe.'thBt-Ihe arranffonieiit-of-rilis fpariilinns) con* 
nccUnp the bM -walls-bas’pMCtlcally no efferl-«(n- tbe \erlical rieidily of 
— tlie-bcd. To increase llie vertical ri?uli(y. it prrnes ctpedipnl to fa«t rifi<« 
to the walls in lije form of fonnliidinaj hnrhcntfll .«J»phe« or a diagonal 
network. Later, etpcriniental ln\eslii»a|io«>.-<r>ntliir!rri in the 1 SSH and 
Jn other countries, confirined Uic conrliiSNinsr in Ihe'mahj' “tlMnn-froin 
Enikeyox ‘s exporimonls and cn.iblcd additional data lobe obtained lorn will- 
, founded choice of the ribbine in dcsipning beds and other boifine-tj pe 
parts of Tnachino tools. , — 

The arrancement of the ribs and llicir shape have a pro'inTitnced cfleci (rn 
the horizontal rijridity of a bc<!. The niost adCanineeous are dineonal rib« 
(parlllionsl and. m ccclam oscs. cros<cil ties between the loneittidlnal 
wnlls'of the J)cd nibbincf in the form of hortzontn) <he)\'es or a diac;onnl 
.^network Jia? .1 faionrable effect on the )tnritfn)ioi risuiily, £*»pefJ.iJly if it 
is combined with partition* Diaconal nbbini; jiirrea*!-* the torsional 
rifjidity of the hed a* well. 

/ 


!’ ' S-2. Maierlah far Beds, Bases and CeJumns 

(Ire> ca<t iron. In (ho majority of cases, beds are made of ordinary crey 
cast iron. tUouciti cast iron* <i( ollur type* arc beinc used to a creator cctcnl 
(*cc below) If tlio way.s for the lr.iicl of the iiiiit* are to be ca*l mlr/ral wilb 
the hod <h 3 se. column etc ). they are the dccidinc factor hi 'cJerUnc the 
Cradc of ca.«l iron since they niii*l po.«c<s Inch rf*istaTicr to abrasion {al.ra* 
sivc wear) .Most frequently employed iii the ISSR i« rn*f iron with lainclt.ir 
prapliite. cradcs from CM21-^tt ihnmch C'f.Vt-.'it). and somcliniw 
accnrdtnc to LSSfl SU <*05f l4l2-^’>4 In especially critical r.'i**-* hi"b- 
streneth luidttlar emphue ca-^t iron fH*lj arcordioc to <H)ST 72'ld-..', i* 
used Cast iron, c^ade C'i21-40 with a pearlilic rnalru. i* rccoinmondcd 
for tnedium'«ire beds of not too romplcc shape with a w.ill Ibicknc** of 
10 to 30 mm. and Rrailc C‘l2.S-l(t for a nail thickne** of 20 to OO mm llicb- 
slrencth. wear-rosistaiil cast iron, crado CM32-ri2. nilti n pe.ylitK stnictiire 
OT praiJeC'J;rw<i. can beadwsabh iJ*ed forbc.isiJy Jo.idcd bed* with a w.nit 
tUiclnc^s of n, cr 20 ,nm CoM .m.. OT.Io C'l.K-l.ir „ rocomm. n. trf for /.oJ. 
willL attaclii'il vvajF, as «Pll a" f.'r >m lip.ivily fii.i.list t'oefs vilti Ilia floclKl 
wall.* 
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Sf<'<‘5. ”i h*' !t r.d'.'.'u'v crai hf nlt,'frvr»i it.- nioiierii .'nnchhic toi'l ('D'riticrririg 
tf rr;.i;r<- f.-f J.'-;!,' hy '.voldc'i! of roljft] 5!cc!. Thi? is (liie lo a niitnhor 
>.f f-nrin* > aad cronnrisic far?<.ir.'. 

‘’.■•At ir.':.' " inaiiV .'idvanlacrt'.' :\s a rntUiTial for !i!aki?iir ba.-t-s 

r-iliHiai- (sfi*- pcAihiHly of fun’ai!',’ cartin^.^' of ainifot any .--liap'*. 

!q; r!;!!ja!ii!it V, fovvar ro'i jn }.it pr.njiic! joji. nSr.)- ’I'in'r*' arr. JuAvevor. cer- 
r.'.in (irav.lj.-.rt.s a';-oi-iaif'i! with t!o‘ inannfarttiro "f Ivc’d.-; ky castinir. They 
!k !.dA-n in!o rorAiiir-ratioTi. and incluiic; (af l<ui”f,r tinu' i? required 
to a niachine loo! diu- }o the necessity for hrat ninkiiio ^ pattern 

and core J>oxf y, and for ricrlny the ca.'-l in:,' before rtiaclnnini: and after roiiqfiij),^ 
to rolii'.a the infer/in! slris-i-s: (b) porfiide rejection of the rrAtiiiq, certain 
ih (.citnr revealed only in the pr..ce55 of ninchiniiuT; (c) the ncce-'t-ity of 
priojdin;' quite Jan.'e aHov.ance-; on the i^nrfarey to be rnaohined; (d) if tiie 
■.vaV: ar.- ra't intcAr.ti '.vith the bed. the trrade of cart iron inu.'f be selected 
-o to (oniply with tb.e reqiiireriient.'-' ni.id{‘ to w.-iy.*^; fe) the acrini: of hirqe 
( t iiif'- fora pirdonped period of f inie vluws down tiie turnover <»f t he wi»rf;- 
siif cajMtr!! atid incri-a.-ey the to'.;d \alue of the unfiiiislied poods: and (f) 
tie- ■( \p< feliftiri ■■■ <i!t patter/i and core bo\ [unnufacinre tififavonraldy affect 
lie- proclnrt ioij co-ts (,f the niachiiM- I<iid jf it i'-- jiiade in .'-inal! lots fin larpe- 
b.; fir-'inc; iuti. the infiiienoe of thi-^ hsetor is so in-ipniricant llinl it can 
]<e I.( .’levted). 


fil l!-' v.eidtd <d previuioly c!il picci' of rolhd strel a.re fn v frotn the abuvo- 
ii'^f I dr.-v. bac! ; , 

i In- ’.v.iy.- c.rc ( ither va'ldi d or }><dled to tlo- )u‘{]; henc'C a welded bed can Ih* 
ed idiwip r"!:«;ri!ctiori.-!! c.trbor! stevly. for evainide. prado Cr. d or 
», .iccordin;' to t'S-tl! Std ii<i>T .':so-i;ei. 
lb" luat! .ind niertiat.dral pr'ijerties of -teel e.re tnneh liipber 

th.in till I- o', i.rdita ry <■,**! iron jtie- !:.i < hanical p.^operties of notiiiiar tnAl 
.!r,- Cl.;. -idf r. idy he.-lier th.''..'i !ho_-(- of c.ot iroft with l.aiuellar erapiiitr-) 
.-.'id Hite !; b-- in-.iieri.-l s- i. iiitind for a voided steel fied than 

f-T a r: • r, ir-*:; b- i -ab/- rt t*. Jin- wne- b.u* > aroi toiqnes. if the s.-.folv tnarpifi 
c! d r:.’!'!!;y ano ionuo p> i i.:J"iide defortistii ionf of the two ia-,!;; 

. !i !. ‘ to ! ■• (ip,;.'.!, 1 ( qui-. .••!> .-.? iu-iditv. the v.i-ipht of a steel eb-riont 

<.;a;b ;b.at t>.b to 0,7^;^,.; ,4 ,, ,. 1 ,..,,,.;.,^ j _ (p,-. ravines of 

i:-’;. I f" p.^ : H.i ccina! ero.-.uiny of metal in replacinp 

' ■ '* •' ' '* ■■''h •' ! b'- i d< : • nd- ti. pfiat ( vtmt ii]M.n ti>e constrisr- 

. '• '■ ; 'k-' -’'dvi.... c;..- K..;, 5j,^, 

"• ‘ s. <■ '.-.-c di 'iesjf L it i-^ to . i s-nrv' to 

y' ‘ " ‘'a-d- c.oopbs tPAnro ■rinp and ♦ ■■..ro.nncal indin ' >-i 

* ' '"I'''" - c. -• b( t ,jp , 

'--'O y I.;;-- a o. w, t , n ...t pn, b rabb- lo n it i- nec.-.o,ry 
‘ ‘ ’ * ' * ' - - ' - ♦ r. j f'* - >' *! i r.' ‘ f . " ! f. ('i h - ♦T'!; T _ 
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In respect to their vibrntion-prool properties, beds of welded steel con- 
slruclion are not usually mfenor to cast iron beds, notwithslnudins: the 
fact that cast iron, as a niatcriaK is more capable of damping \ibralions 
than steel. Invest jgaiiona and experience show that in an assembled con* 
struedon the internal friction of the material is practically a negligible 
quantity in comparison to the external friction due to which vihrations 
are damped. The vibration-proof features of a welded bed are also duo, l<i 
a certain degree, to the infliipoce of fhe neJds. 

Welded beds for machine tools can be made of plate steel of a thickness 
5^3 mm. If the walls arc thin (6 < 8 mm), the required rigidity can 
be provided by a sufficiently la^e number of ribs in a suitable arrangement. 
As a result, and also because of the large number and great length of the 
welds, it maj' turn out that the same bed, but made of steel plalc iO, 12 or 
even 15 mm thick, is not heavier and. at the same lime, is simpler to make 
than a bed with thinner walls. 

In addition to the materials mentioned above, alIO}od cast irons and 
nitridod cast iron have found some application for making l-cds. 

Concrete. Reinforced concrete has been used to some extent. In tic USSR 
and other countries, for making the beds of heavy machine tools. Shown in 
Fig. 114 is a cross section of a reinforced conceretc bed of a heavy Istbc, 
model 1G60, manufactured by the Kramalorsk Heavy .Machine Tool Plant 
for turning work up to 12o0 mm in diameter, C300 mm long and weighing 
up to 30 tons. This bed was <f«»gned and manufactured in place of the ordi- 
nary cast iron bed fgrade C42f-40) shown in Fig. 115, To estimate the 
rigidity of the e.tperimental reinforced concrete bed in comparison with 
the cast iron bed, they were both subjected to a horironlal spreading force 

r . — \ — 1 - 1 v...,. •t...!....) ~ -J.5 over the left partition, between 

The total deflections of the bed* 
».25 mm for the cast iron bed .md 
for the experimental reinforrrtl 
concrete bed, i.c.. from 36 to 45 per cent less. These fvpcrimeni' -iKiU 
that (he substitution of metal beds hj reinforced concrete bed« u-'v 
technically expedient and economically advantageous Such a suh-ni'i 
may reduce the metal required and Hie production costs iiv •■l’ "' ' 

to 60 per cent. 

The base, both housings and certain other parts were nuncli- ^ ^ 
concrete in the heavy iertic.il torafat; and horwp mill- i/n- 

15S0G, manufactured by the Kolomensk Heavy Mariiur' 1 > ^ 

bed and other basic parts of a heavy planer were .'I- 

concrete in (he same plant, 

However, due to a number of reason* ii»\«'l' i'>_' , 5 , . p. ri' firf 

equipment required to prestress the reinf«»rci'iia 
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Jtnm JIV ^ACin\K TOOL DFO 01 ‘lU, \ 

Plate steel is the chief materifll used iii 
makinp welded beds. Therefore, such beds 
are bounded by flat surfaces and represent 
a more or Jess complex polyhedron. The 
rigidity of a welded steel bed is mainly 
due to partitions, corner plates and other 
reinforcing members tbot tie the walls 
together. These members arc aho made of 
plate steel. 

TJiick plates are used for be«ls in c.i<es 
when it is difficult or impossible to weld 
in partitions and other stiffening members, 
fn all other cases, constructions of lighter 
wcigbi can bo designed of siee) plate from 
3 to 6 mm thick, the requireil rigidity 
being achlo\ed by a system of smiably 
arranged partitions, braces and angfe plates 
which divide the bed nuo a number of 
compartments An c.xamplc of a bed of such 
lightened construciiori. duidcd by parti* fig tsj. Column cf a njiJline 
ttons Into compartments, is c*ven in inaflune mmufaclurcij by the 
Fig, 122. htarncy jtnd TMier Corp (I'S)) 

The working drawing of a bed should 
carry all the dimensions required to make the pattern, if the bed !s to 
be a ca.sting, or the templates, if it is of welded steel construction. 


S-d. I^Difern Machine Tool Bed Design 

To carry out chocking €.11001311005 on the designed bed, it is nece5«.iry 
first to draw up a design diagram. Simplifying the configuration of the btei 
and assigning the magniCudcs and directions of the acting forces. These 
forces include the components of the cutting force; weight of all the units 
mounted on the bed and that of the workpiece, forces doeloped in clamping 
the workpiece on the bed; inerlm forces, if any (planers, shapers and slot- 
lers); and forces acting on the bed from the foundation. After this, beds 
(bases, columns, etc ) with an approximateiy stra'ichi axis are regarded as 
straight beams of variable cross section, beds with a curvilinear axis are 
regarded as curved beams- 

Ow’ing to the highly complex configuration of a bed (sec Figs. 11-, lie. ItJ. 
120. etc ) and its variable cross section in both llio transverse and longitu- 
di'rccttons, such caknhUons are only npproiimale and tentative. Ihey 
can however be ««cd for a comparative npprais.il of designed version.* 
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Fiff. 123. Design, bending moment and torque diagrams lor a latbe (s) and radiaJ drill 
(&) (after D. Itesbctov) 


of the bed, as stcll ns to estimate the order of magnitude of the stresses and 
bed deformation 

Design diagrams and diagrams of the bending momeDts and of the 
torques Af,, woried out b>' D Dcshelov for a lathe and a radial drill, arc 
given as an example in Fi? 123. 

The method of calculating (he stress due to bending is noli Inoun from 
the study course Strenclh of Materlalt. (Calculations of the stress due to 
torsion arc treated below 

i\o generally accepted system of rigidity indices exists. The following 
\,iliie is usually taken as the flexural rigidity index 

S-^~ kgf per mm (or kgf per micron) (ISl) 

where P =» acting force, kgf 

/ » resulting deformation (or raovement), mm (or microns). 

The rigidity depends upon the clastic properties of the material. le. 
Young's modulus of elasticity £ m bending the shape of the cross section o! 
the beam, substituting for the bed in the calculations and. thenfore. the 
moment of inertia / of the fr.>ss section, and the curvature of the bcam^ 
axis, bent by the moment .U. For this reason the rigidity is sometimrs, 
taken to be 


s^/t .= ;/p 
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Bi;ns, COLUMN'S, tablbs, crossrails and carriages 


^riic lorsional rigidity is cliaraclorizcd by Lbo ratio 

5,--^ (180) 

wliore Mt — torque 

0i = angle of twist, per unit of lengtii. 

Intiiis case, tlio torsional rigidity S{ and the flexural rigidity S are expressed 
in the same units. 

Bed cross sections are noncircular, open for the most part, and have walls 
that vary around the contour. Therefore, it is impossible to calculate the 
angle of twist and the torsional stre.ss to any appreciable degree of accuracy. 
Approximate methods are employed for calculations of this kind, replacing 
the actual cross sections of the bed witk simpler ones that are identical 
along the whole length of the bed, or a scale model is investigated (see 
pages 25 and 2G). 

In calculations for bods with a closed hollow' cross section and w’ith ordi- 
nary relationships between the dimensions of the cross section and the wall 
thickness, the following formula can be used for a thin-walled closed con- 
tour of random shape 

^ T = 2(?/'0i (187) 

where x = shearing stress 

ds — element of the contour 
G — modulus of elasticity in .shear 
F — area bounded by the centre lino of the walls 
0i = angle of tw'ist per unit of length. 

It can be assumed that the shearing stresses x are uniformly distributed 
over the wall thickness 6 in thin-walled closed profiles, operating with the 
vector x6 — const w'liicli is directed tangent to tlie middle contour of the wall 
in the cross section. In tJiis case 

x6 = const = 4^ 


where Mt is the acting torque. Substituting this value of x in equation 
(187), w'O can write 


M( (Is 
2F6 


2GF0, and 0, 


Mf f 
J T 


(189) 


The integral along the contour, included in the last equation, is to be 
replaced by the sum of tlio ratios Thus, if the cross section can be regarded 
as closed, the angle of twist of a bed of length I is 


4G/’- 



( 100 ) 
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I'or n cro«s ?fclion jn 
dimf>n5ion'5 a and h and a 


Ml 

Iho form of a liollow rcxtanple with out«idp 
constant wall l}itcl>nc<is 6 wc can write 


f = (n-4Kli-4) Mil 

Then, for this ca5c, equation (190) liccomes 
5fl)t 

" d)*(6— 6)s6 


(J9J) 


On the ha*!" of equation (18S), the a%eragc torsional stress i< 
U/A !:(«— A)(6--A)A 


(192) 


Tiic nnplc of twist of beds with open cross sections can be calculated only 
approximately. If the profile consists of very narrow rectangles, the angular 
torsional strength i* taken equal to the sum of the angular torsional strengtlis 
of tho rectangles making up the profile. For a narrow rectangle with a long 
side sj and short side bj, (he linear angle of twist is 



m 


Using the foiinnlaled rule for straightening out an open crci«s 
we can write 


0*= 


3t/«t 


section, 


in which tlio notation is the same as m tho preceding equations. 
The ma.ximum •■ficaring strp«s can be calculated by the formula 

T - 


(to:) 


(for eloment.iry profiles of rectangular form) 

The maximum shearing stress is developed at the middle of the long side 
of the rectangle with bj = S 

Taking into considcralion the approximate nature of calculations in bed 
design, conservative permissible stress values are as.«igncd in tbe order of 
80 to 120 kgf per sq cm for cast iron beds and tfiO to 20t> kgf per sq cm lor 
steel beds. The calculated deformation i* to be asse««ed on the ba«is of its 
influence on the working accuracy of the machine tool and its Miration- 
proof features. 



202 


BKDS, COLUMNS, TABLES, CBOSSHAILS AND CARRIAGES 


The problem of working out a rigorously substantiated method of calcu- 
lations in bed design still awaits a solution, as do other problems associated 
with machine tool rigidity. Greatest progress in this field has been achieved 
by the following Soviet investigators: K. Yotinov (from 1930); D. Reshetov, 
II. Mnikeyev, V. Kaminskaya, Z. Levina and others of ENIMS; and A. Soko- 
lovsky and his co-workers of the Leningrad Polylechnical Institute. The 
most comprehensive and detailed material on bed design can be found in the 
hook “Beds and Housing-Type Parts of Machine Tools (Design and Calcula- 
tions)'’ by V. Kaminskaya, Z. Levina and D. Reshetov of ENIMS and pub- 
lished in Russian by Mashgiz, Moscow, 1901.' 


9-5. Machine Tool Columns, Housings, Tables, 

Crossrails and Carriages 

General Instructions for Their Design 

.Stanchions, housings, tables, carriages, slides, crossrails, as well as such 
components as the laiee of milling machines, columns of radial drills, columns 
of semiautomatic multiple-spindle vertical chucking machines, and other 
housing-type components are distinguished for their great variety of config- 
urations. Their configuration depends upon with what parts of the machine 
tool these components mate, whether the parts are fi.xcd or movable, the 
location of the components in the machine tool, the magnitude and direction 
of the acting forces, and other factors. Various methods arc used to join these 
components with the hose or bod of the machine tool. As an example, five 
po.ssihlc versions of the construction arrangement of portal-type (double- 
housing) machine tools are shown in Fig. i24a through e (after P. Dunayev). 
The rigidity of these versions and their producibility are far from being 
equal, a circumstance which must be taken into account by the designer in 
choosing one of the versions. Notwithstanding the great diversity of the 
above-mentioned parts in respect to their purposes and their mulliformity 
in construction, certain general characteristic features can be singled 
out. 

The principal requirements made to the housing-type parts of machine 
tools concern their rigidity and vibration-proof properties. Quite often 
these requirements are extremely high (for instance, for the tables of threar 
grinders and jig boring machines, and the columns of surface grinders) sine 
the machining accuracy of the machine tools depends upon the rigidity an 
vibration-proof features of these parts. Also of importance arc the accura 
of I he surfaces used for locating the fixture holding the workpiece or f 
locating the measuring devices, truing attachments, etc.; the accuracy a 
correct geometrical shape of the surface on which the given part is mount 
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wcar-rwistancc of ways; ease of rnanufacturc and llic rnininiurn p 05 «lLIe 
metal requirement. 

Tlio aliovD-mentionod parts ore made of llie same metals u<ed in modern 

More nr ley-f 
l nr weldotl 

Imped ertr-i 
■ •) nr hracr*, 

ii«trtictinn«. 

. , . section? nf 

stanchions, columns, crossrails and life parts, in conjunction with compare* 
tivcly thin walls. An CTpcdieni distrlhiitiun nf the metal can he e«lahli*lied 
hy a proper analysis of the diagram of acting forces. 
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I ho nuHlity of such parts as tables and carriages or slides depends to 
.1 ureal oxtenl upon the number of joints or matingsurfaccs and their arrange- 
moni in respect to (be acting forces. As a rule, the fewer the joints or mating 
surfaces, the more rigid the construction will bo. However, operating condi- 
iiuns, in some cases, do not allow the number of joints to be reduced below 
n certain hnnl (sec, for e.xamplo, Figs. 126 and 127). In such cases, it i 
necessiry, a! least to enlarge the contacting surfaces in a direction approxi 
mnioly perpendicular to that of the acting force, so as to reduce the specifi 
ItresMiie. ami to make provision for lirmJy and reliablv clamping par 
which are to )»e .stationary during operation. Similar clamping or bindii 
device.yare used to secure the outer column and arm of radial drills, cro 

planer-type milling machines, e 
li...e clamping devices may bo band operated or powered by an individ 







Fig. 127. Carriage of a relieving lathe 
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electric motor, nnil equipped uilli a device which continuously checks the 
firmness with which the component is clamped and switches off the main 
driv'eifrt becomes loose. The condition of the clamping device is commonly 
indicated by coloured lamps. 

As to the mctliods of ensuring the required rigidity oi the parts iindtr 
consideration, using the least amount of metal m their manufacture, nil 
that was said on this question in respect to heds holds true (closed cin^^ 
sections of definite siiapc, minimum possible number of openings or aper- 
tures and a reduction in theirsirc, the use of partitions and integmi ribbing, 
etc ). The deformation of these parts can also be reduced by the use of 
closed constructions in the form of frames and portals, braces, supports, etc. 
In precision machine tools the table should not overhang the l>a«c ways even 
at its extreme positions. 

If a housing-type part is traversed along vertical waj's by a kinematic 
train which contains no scIf-braking transmissions, tbe part is bahmceii 
with a counterweight or spring to facilitate its setting and to prevent it Irom 
sliding down when it is undamped. Lubricating grooves of approximate!} 
the same typo as on bod ways arc made on the ways of tables, crossrails, 
stanchions and like parts. The liorironlal working surlaces of housing-type 
parts are surrounded with a trough for drainage of the cutting fluid. 

The working surfaces of tables have a system of parallel, and sometimes 
perpendicular, T-slots used to set up and clamp various types ol fixiures 
The dimensions of these T-slols have been standardized (USSIl Std GOST 
1574 - 02 ). 
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WAYS 


Tlio culling lool or the work travel in a slraighl line or a circle, together 
with the units on which the lool or work is mounted, on ways, which can also 
he cniied slraight-Iine or circular bearings. Used widely in machine tools 
are shdcwaijs {sliding-friclion ways) and aniijrictmi (rolling-friction) waijs. 
1 lie laltor have intermediate rolling members {halls or rollers). The principal 
characteristics of ways are: 

1. Accuracy of travel, which depends mainly upon llie accuracy with 
which the ways are machined and is characterized hy the degree to which 
the actual travel of the unit is in compliance with strictly rectilinear (or 
circular) motion, 

2. Durability., wliich is characterized by the capacity of the ways to 
retain the initial accuracy of travel of the corresponding units over a spcci- 
lied period of operation. 

3. Rigidity, which is characterized by elastic displacements due to con- 
tact in the ways under the action of a normal load. 

10-1. Slidev/ays 

The operating features of slideways depend both on a proper choice of mate- 
rial for the mating surfaces and on the construction of the ways. 

Materials for Slideways 

The wear of slideways depends to a considerable extent upon what materia 
are u.=cd to make t!)e way.-^ of the bed and of the travelling unit— fabl 
saihiie, slide, etc. .Un inexpedient selection of those materials may lead 
premature wear which is no! uniform along the length of the waV.^;. T1 
in turn, rc,<ults in an inevilahle loss of accuracy of travel. 

Invent ifrations conducted hy A. Pronikov established a direct relation 
between the sliape of the worn way and the errors in tlm geometric feat 
of (he work machined. 

The wear resistance of slideways is determined primarily hy the ph. 
mechanical properties of their material. .-V higli surface hardness of’ 
does not, by itself, guarantee high wear resistance. .Xurneroiis experi 





•latfl indicate that minimum total wear of sJtdet^ays i<« attained with difirr- 
ent hardnc^cs of the mntinc pair of surfaces duo to run-in of tlio softer 
material of the pair. In mo>?l cas«-s it is more etpodfeni to n*o tho har.lor 
material for the stationary sliden-ays (hod ways) ginre their shape /< ropiVd 
in travel of flie nioxinc: unit and, moreover, it is more difficult and 
to repair the bed wajs. 

Grey cast iron is the nio>*t commonly used inaterial for ajfdeways. It is 
employed when the slidcway is made integral with the hed and, corn-spoiid- 
inefy, with the Iravel/me unit. The we.ir rcMslance of cast Iron slidcway* 
can be increased hy surface hardeninjr performe<I with flame or induciion 
healinir. Such a heat Ireatinenl increases the hardness of the uajs* up to Ul- 
52Ilc for ordinary ftrey cast iron (C'i) and up to dj-fioflc for nodular cast 
iron (B'J). 

Steel slideways in the form of strips are either welded to a steel bed. or 
they arc secured hy screws or bolt* to a cast iron !>ed. In the L'j^Sn such 
steel slideways are most often made of steel 40X and then imliictinu hard- 
ened to W-SSHc rhoy arc aI«o made of steel 15 or 20X which detclnps « 
hardness of 50.02110 after carlmnrinc and qiienrhiutr. llalJ bearing ster), 
grade 1UX15, i* a!«u used for slideways The use of hardened sled slideways 
nialinij with hardened cast iron ways cn.siirc? a Inch wear resistance 
Due to their anti-conncand anticorrosuo propertir;*. pla«t!cs arc prnnii«- 
l/iff material.-? lor siidcn.tyi homin-tteii fabric slrtp* arc u«ed in crnrihhis- 
lion with cast iron fur the slideways of heavy machine tools where the com- 
paratively low ricidiij <if the travelling units lead* to considerable non- 
iiniforniity in the di*lribiition of prc««»re on the slidcway surface* This, 
in turn, may result in yvmmmg. especially with iasulficienl lubrication 
The drawbacks of J.iminnlcil fabric ways arc the low modulus <.f clastifily 
in comparison to that of «trel. the tendency to swell when they ab'orh oil 
and the low cocfliriem of thermal conduclivity In connection with llu-e 
drawbacks, U prove* more .idvaiitaceous to employ slideways with a thin 
polymeric coaling .ipp/n d by sprajme. gli/mg on a thin him or sonic other 
method. ... , , ,, 

In ccrt.vin case* that are justified by calculation.*, pads of zinc alloy 
grade UAMlO-5, or of bronze .ire ii'ed on the slidew.i}s They pos«e«s good 
wear resistance, but are i'\pcii«ive and somclimes involve the 0*0 of crilic.vl 
materials. 


UcRoficiurtAg SpeelflertlOBi far MicfitRe Tea! 

Slldaviyt 


Snocificalton? fur the in-mufactun* and acceptance of mctal-cintirg maclune 
inols stipulate rc<i.iir..|.,ar.l. in rKpmt to tl,n l.arfnfs. surf.tn anj 

ncciimcy of slidew.iy* 



210 


WAYS 


'I’lio hardness of slhkwaijs cast integral iritli the bed is assigned in accordance 
with the standards for cast iron of tiic corresponding class. The permissible 
deviation in hardness within the limits of a single way is ABhn < 25 or 
;i5, depending upon the length of the way. In case of sectional beds, the 
hardness deviation is ABhn < 45 over the whole length of the way. The 
Him value should be within the limits established for cast iron of the 
corresponding cln.ss. 

The hardness of hardened steel slideways may be as high as 52Rc or even 
higher; nilrided slideways have a hardne.ss of DPN SOO-1000 fSTckers 
hardness number). 

Surface finish and assembly. The ways of beds, as well as of slaHchions, 
housings, slides, etc., should bo finish machined by scraping, grinding, or 
any other method that produces a surface of at least the same high quality 
(huffing, lapping with rOH paste). Hardened slideways should be finished 
by fine grinding. 

in checking the bearing contact pattern of slideways with a marking com- 
pound, the number of bearing spots in an area (25 X 25) sq mm should be: 
at least 25 for ways of precision machine tools; at least 1G for slidcway.s 
of machine tools of above-standard accuracy; at least 10 for slideways with 
a width b 250 mm and ways with a width b 100 mm along which units 
are adjusted (but do not travel); and at least 0 for slideways with a widlli 
b ■> 250 mm and ways with a width b > 100 mm along which units are 
adjusted. The number of bearing spots is dclennincd as the average in an 
area of 100 sq cm. 

The degree of contact of mating slideway surfaces is checked with a marking 
compound and a thicknc.ss gauge 0.04 mm thick. 

The accuracy of ways is stipulated by the accuracy standards for machine 
tools of various types. The required accuracy and surface finish of .slidcway.s 
are obtained by suitable machining techniques. 


Constructions of Slidev/ays 

Hoctilincar motion of a machine tool unit (table, saddle, slide, etc.) 
obtained if tlie ways restrict free movement of the unit in all other dircclio 
Ways wliich leave the (ravelling unit a single degree of freedom are usua 
called closed ways (Fig. 128fl) in contrast to open ways (Fig. 1285) which 
held in contact by (ho e.vtornal load acting in a definite direction. 

Closed ways can he formed of any ruled surface (except a circular cylin 
wliose elements are parallel to the direction of the required motion. 

The simplest of all ruled .surfaces, from the point of view of manufa 
and iiispeclioii, is a irinugulnr prism with three guiding .surfaces. This 
is the basis for most of the principal shapes of machine tool ways (Fig. 
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and e). Wajs, orRuidc**, in the form of two circular cylinders (Fig. nrc 
iiscd much less frequently. 

Flat ways (Fig. 129a) may he either vertical or horirontal. They ore distin- 
guished for the simplicity of their manufacture and of cheeJ^ing their geo- 
metric features. On the other hand, they require devices for adiusiing the 
clearances, have a tendency to accuinulalc dirt, and rcl.iln the luhric.vnt 
comparatively poorly when they ore of the eflcompa«5ed type. 

Vee ways (Fig 129i) arc more difricull to fnaniifaciure than ilat ways, 
but arc copablo of self-adjustment, i c., clearances are automatically elimi- 
nated under the action ol the load. The encompassed type of vee nay has no 
tendency to accumulate dirt and chips, «nd is therefore not equipped, as 
a rule, with shields or other protecting devices. The encompassed lypcretaln« 
lubricant poorly, m contrast to the encompassing type (nitli the apet down* 
wards) 

Vee ways are made symmetrical if. for wamplc, the load is directed verti- 
cally, as from the weight of the levelling unit They may be unsjmmetri- 
cal with one larger face which, in this case, is located perpendicular to the 
direction of the resultant external load. Mo^l lathes have this type i>( 
ways. 

Dovetail ways, or guides (Fig. 129c). are distingiii»hed for the small space 
they occupy .and their comparatively simple clearance adjustment by mcain 
of a single taper or flat gih (see, for instance, ^Fig^ 1.12). 


secured to Uio bod only at iheir ends Ilcsidc->, quite complex devices arc 
required to adjust clearances in cylindrical ways. 

Combination ways, commonly used in machine tools, have one flat way 
while the other is pn«matic. being either a vee way or shaped like one half 
of a dovetail. Such combination ways arc comparatively producible and 
cspeciaUy suitable in cases when the unit is subject to large overturning 
moments. 


If 
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Tic;. 120. Piiricipal jliapc.? of Jtifidiino tool ^lideways: 
{(1) flat;' <(.) vie; fc) rtfivftait; (if) eyHnilrica! (linr-typi-) 


The final clioice of the typo of ways to employ in designing a new machine 
tool should be based on the possibility of ensuring their maximum rigidity 
under the action of loads which are representative of the given type of 
tnachino tool. 


Devices for Adjusting Clearances in Slidev/ays 

Optimum clearances in slideways. ensurinc accuracy of travel with mini- 
mum friction los.'Ci!, are difficult to inainlnin in manufacture even if the 
mating surfaces are fitted to each other. .Moreover, the initially adjusted 
clearance.*; are altered in tlic course of wear of the .slidina surfaces. For this 
reason, way.*; and guides are equipped with devices for periodically adjusting 
the clearances between the mating surface.^. 

Tiie most 'general solution of tlie problem of adjusting clearances in ways 
i.*: illustrated in Fig. IMO. Tiic clearances between the contacting horizontal 
siirface.s, carrying the vertical pressure F. are adjusted by flat gibs 1 and 2. 
Th(; clearances between the vertical contacting surfaces, carrying the hori- 
zontal pre.=sure //j or II ^ and constituting the guiding surfaces proper, are 
adjusted by taper gib -7. 

If the .saddle or slide encompas.<e.s the contour of flat ways of the bed onl. 
on three ,';ide.-; (Fig. 131). flat gibs 1 and 2, secured lo the slide by screws, ar 
required. Scraping will be required to compensate for wear of'lhe borizor 
lal faces. Sometimes, to avoid scraping, thin shims are used (see part 1 ' 
l ig. l-Vift). Mat gib ■/. of constant thickne.s3, i.s used here to adjust t 
i learnnce in the vertical contacting surfaces. In tlte course of its wear, tl 
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Clli is odjiutsd toward l.y acscral «crc«i 3. A t.ptr gib could bo used licrc 
as well in place of the fl.it Rib. 

Jhc^ntethod of adjiulmcnl u-cd for dovetail ways or gutd« is shown in 

In clearance adjustment with a flat gib of constant thiclnes-s, thcpibahoulJ 
bo arranged so tliat its pressure is carried by the directly contacting faces 
of the ways. This means that the pib should be on the aide or s^ay opposite 
• *• the cn«e of load // in Fig. I3J). 

.. ^ her side (as in the case of loads 

laper gins usudiiy iia\e an iiiciinuiiuii m the range from 1 : 40 to I : iOO. 
The longer the gi'h, the less it is tapered. To adjust the gib, facilities should 
he provided for moving it in both directions. Various designs of regulating 
screws can be u®od for this purpose, the most common design.s arc shown 
in Fig. 133a, b and c. 

Tlic various shapes of flat and taper gihs cmplojed jn up-to-date machine 
tools aro shown in cross section to Figs, I3'i, 135 and JSC. They need no fur* 
(her explanation. 

they increase the 

nu ' . ... ... jcmcpives possess 

lo\ .'.o V . ' . . * mil in respect to 

compressive forces. The effect of these shortcomings can be reduced to some 
extent by correctly locating the gibs and by providing means for clamping 
them tiglitly after making adjustments. 


AHaehtd Waji 

.Attached ways arc usually of steel but in some case' they arc made of 
high-quality cast iron. The w.-»>s arc designed as strip® secured to a cast 
iron bed with screws or welded to a welded steel bed. 

When ways are secured mechanically, the design of the fastening should 
be such that no damage is done to the working surface of llic ways This is 
shown in Fig. 137a. If considerations of design exclude fastening from 
underneath with screws, a fastener should be used which docs nnl Mohif' 
the homogeneity of the working surfaces For example, the .'crews 'liown U' 
Fig. 137£. arc made of the same material as the attached ways Aflcr tightl) 
screwing in the screws, the he.ids are cut or broken oil .'ll the narrow neck 
and Ibe remaining part of the screws arc ground off flu'li with the wav sur- 

W.iys secured with screws usu.-illy have an integral key (Fig. IJTr) which 
relieves the screws of lalerel loads and considerahly increases the trans- 
verse rigidity of the ways. 
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ETajnpIw of Mplifecf to 8 ncfcffd stfol Li'if nrc .«linw-n in Ficr. la-'. 
In tlic Iasi casp (Fiir. J3Se). a msI iron or bronie aitnclird w.tv lo l>f •f- 
ciirctl lo llio wcldpil steel Led. 

Ways of plasties are usually secured by «ercns but are <fin)flin)cs cliitil 
to tlie Led, 


10'2. Hydrostaticfilljr Lubricated Slideways 

Slideways witli pro\i5ion for delivcrin); oil tinder pre««iire belweeti tiic 
matinp surfaces, so ns to produce an oil film otcr tlie full contact area, are 
called hydrostatieall'l Inlneatcd sUdeicays. 

From the punip (Fig. I3!t) oil h deluered under pressure through now- 
control valves ttitli a restriction /lo Into pockets made in the tvajs From the 
pockets the oil escapes tlirough the cle.irance A Lelwtcn the slidctt.ay surf.ipe<. 
in this clearance the oil pre««urc vanes acconling to .in approvinialely 
linear function. 

The load*carryinc capacity of hydrostolically lubricated slidctvajs can be 
calculated by the equation 

. /* = p,fa (l"ri) 

where px ~ oil pro'«ure in the pockets 
F = area of the slidewajs 

o “ factor taking inioccin«idetation the drop in oil pressure m the 
clearance, and approximately equal to 



Figure fdO illustrates tlie commonly used type< of oil pockets ami the 
points to whicli oil under pressure is dolixercd. The fir<l version, with a single 
longitudinal groo^c. is employed for narrow slideways, while soreioiis If 
and Iff arc suitable for wider slidcnajs (oxcr.W or CO mm). The main dpsigji 
parameters can be determined from the following relationships 
aCrO.Sfli 0;r:2fi, 

Scseral pockets with independent oil delivery should be pro\idcd along 
the length of the wa> as otherwise bigji rigidity canntH he ensured under 
the action of skew moments. 

The rigidity of hydrostatically lubricated slideways i« directly propor- 
tional to tfie normal force and inversely proportional to the magniliule ol 
the clearance Thus 

wlicre pp is the pressure of the oil delivered 1>> ihe pump (see Fig. 13^) 




/ 



Til’. i^'iO, Melliods of oil inj>iU in hydroylalically iiihricntod Klidowjiys 

Con.'^equonlJy, lo .aUairi a {ui:li npidily in liydroslalically lubricated 
slidownys, il is necessary lo make llio clearance h ns small ns possible. This 
clearance depends upon the macro- and microirrcgularilics of the .slide- 
way surfaces. With hi^h-qllality .scraping llG to 20 spots in nn area (25 X 25) 
■Ml mini a inininmin design clearance of 15 to 25 microns can be maintained, 
l iiis provides a rigidity of hydrostatically lubricated .slideways in the order 
of 100 i:gf per micron and even more. 

Any shape of .^lideway can he hydrostatically lubricated. Thus, for in- 
Mnnce. a coinhination of one vco and one Oat way is often used for this purpose 
in minding machines (Fig. Ki)). 

.lir Inhricati'd have also been used to some o.^tent in machinf 

loois. Here an .air cnsluon i« produced in tiio clearance between the matin 
bearing surfaces. Air from llic compressed air mains passes through a filte 
and prc'^Mire regnlaling valve and enters the pockets at a pressure of .'i ( 

■1 kgt per s<i cm tiirongh apertures of small diameter (0.2 lo 0.5 mm) n« shoe 
in l ig. 142. ' 
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Fig. ISI. Corabinaliofi (flit and \tc) fcy- Kiff. 142 ,\ir lubflfulrd flUl'"'*' 
dro«taticall> JijlirKatr.1 »lidi-wa>s 


10‘3. Slldeway Design 

The wear rp'iafanco of sHdeways depends upon various coiulllh'"*' 
the most imporfatil bcini’ as uniform as pessihio cli«trihiUlon of 
over the '\ay surfaces, the average (conditional) specific rn*«'*»r'‘ 

fngaeoftain dcrmitc value established on the basis of rvi’erioOvvO' A,.,.. 

tool operation (see p. 22i). The specific pre5«uro is (lclcrinli'*''t »■« , 

calculations based on the assumption that the specific Tf'"'* 
ed according tt> a linear function lengthwise along the ' *s' i'' 

the width of each face of the slldeway, the specific 
be distributed uniformly ^ 

A scientifically grounded procedure for designing v"-, y .s' ■» i’' ' 
reliable in practice, was first developed by 1) Ito'h''- " 

USSR in fyi2. The essentials of this procedure. j ,, 

time as a machine tool industry standard (Std 1^'*' 
below for the case of combination ways of a l.sthe ' 
this procedure is applicable to ways of other 

This procedure consists of the following ^tagv" ^ 

(1) determining the total pressure acting on e-w'' v (V w-iv'' 

(2) determining tlie average specific pn's'uro 

(3) determining the maximum specific p'vss-'*’ ' 


(4) comparing the calculated values with 
pressures, known from experiments 
The pressures on the faces of the bed 
and C (f'ig. 143). equal in magnitude to ih 
the conditions of equilibrium of the cam 
addition to these reactions, are (a) the cv.* 

'•^-fthevj'T'j, 

I Irater* --C 


,-.v r--'C- t. K. 

■ rv' vJ-r..u^^ in 

. ,-i r, of Ihr 
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Fi’K 1-53. Do^iqn (Hnpnirn for Ihc ?iiilosv;\ys of a iatho 


T!u’ coinponeDls forces P., nml P„ me either cnlculaier] })y fornnilas 
of inelal-cuttinsr tiu'ory or liicy nre taken acconlin" to reference data fo 
a speed . feeil and iloptli of cut Hint completely utilize the power capneit 
111 ti»e inaclitne tool. The weitrhl G of the carriage and its centre of gravil 
are fonnd Ity calculations, and if po-=?ih}e on a model. If the weight of 11 
•Aorkpiece and of the fixture are also carried by the ways, the.?o force.s.shou 
he taken into consideration. 

If I fie carriaue is triiver.'ed l»y a lead screw, tlie pulling force O, rcqiii 
to travels!* the cacriage. is <iirectod along the axis of the lead screw. Tii 
fore, this force ha.s no component.s parallel to the forces P„ and /*,. If. 
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Ihc" oUlcr hnnil, tlic cnmase h tr.»\<-RP(l from n fn d rc<l (hroiiRli a pji" 
pinion nnd rack, f)jrre wjIJ tc, in :i(Mifion lo Ific cumnonont (?, I'.irnllrl I 
llic Jccil lorcp aiiolhtT component 

Qt^Ox Inn 

"here a prc^-iire an^Ie of ihe tack pinion 
(> 5’ (0 7* '= ani'lp of friction on the teeth. 

The axts of the co-orJmatM j, vnn<f 5 in V’kt 1^*3 are ?clectr'l patnliei I 
the components nml of the cuttin? force, rt-spccthely. 

oriff/fi O of the co-ori{inale4 is at the point of intersection of rcnelii'iis . 
and P. Tills has Leen done |o keep the equ.nlions of cqtiililiriiiin of if"’ 
rm(je .as simple .15 pfrs«ihle. t’sinc the nrrancement shown in TiiT- I i‘* for i'" 
c.a'c heing considered we can re.sdily write six equations n( equllii’i""' 

^2 = 0 1 jj.' 

= 0 ^.Wv=0 

The torces cnuineratcd nhose .arc Mibstiluied in llie 
equations; these forew include the unknowns A, U, C, and K'**'’ * 
tletccmlacil usiuc; the fi«t four equations of the s>.«tem (II'*'* , . ' . • 

When the force? ^1, P and C hate been found, there will *'»' f’'' ' 
•lotormlning the aier.igc specific pressures. Thus 

A ri . f' 

■ tfT’ tL 


where L = length of the carriage ss.ays 
0 . b and c “ working widths of the three f-w*'* 
(sec Fig Mvl) 

To determine the niaxlmiim .specific prr"'--'-' " 

find the lliree co-ordinates x«. Jj, and jc oi lie ^ 
resultant forces ^1. H and C. Only' tlic Inst twv»eqaj:-^ ^ 
have not yet been u«cJ. They can be writioa ^ ' 

.l3-,*cosa -JijflCosp (A ■ ’•> \ 
— /Ij'.^sina //Jijsinp - t-' ^ 

where, fur the -.ike of hresily, the folU'wn - 

(see Fig. 1 5-1) 

My - -l\Zf.--P,Xp-^C^6 Qx:^> ‘ 

.T7, PxVp -i- ■ Q*y<i - f t » • F ■ 



I 
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To fuKl llio cn-onlinalo? .t v. .Tj, and Xqjrom equations (201), it. is necessary 
to r?liiblish the dislriljution of moment A/,.- hot ween the front (/ in l‘ig. Vid/;) 
ami rear (//) ways. This distribution depends upon the rigidity of the carriage, 
the (lefrreo of nonnniformity of the load on the hod ways (triangular, tra- 
pezoidal or other load) and the shape of the ways. For example, in the case 
of flat ways, the moments Mj and Mjj are proportional to the width? of 
the ways; in case of comhinalion ways, one moment is proportional to the 
width of the flat way while the other is proportional to the equivalent width 
of the veo way. etc. This question is treated in more detail in the book 'f/ic 
DcMpn of Machine Tool Components (ENIMS. indf)) by D. Reshotov who 
developed this design method. ^ 

f.et us assume that the distribution of moment M,, hclween the front 
and roar ways has been established, i.e.. the corresponding moments Mi 
and .l/ji ~ M,, — d/j have heen determined. Then the first of equations 
(201) can he broken down into two equations, so that a system of linear equa- 
tions is obtained 

A.t,\ cos a /Lr„ cos (I - - .1/j 

Cxr~Mii 

— .-hT^v sin a Bxj, sin fl ~ Af. 

hence 



d/i sin (1— .U. cos (5 ' 
.-I sin {a '-(T) 

Ml .'in a Si, cos a 
Usin (a -i-th 

■ '• c c 


( 201 ) 


In case of linear distribution of the specific pressure along the face of the 

ways, the ratios and determine the shape of the pressure dia- 

tn-am. For the most general case— trapezoidal distribution of the pressurr 
(Fig. Id-'m)— the distance of the point of application of the rc.siiltnnt /} o 
the pressure from the larger base of the trapezoid is 


I hen 


— t’A mn\ >nln 

Pa ovi.v'r Pa min 


wny — Pa min 
** Pa Pa nUn 


Hence, i( follows that if 0 then the diagram of specific p 

sure p., lias the form of a trapezoid. 
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Fi?. 144. Dis^ams of prrnure diMriliition alon; tliP length if the «a}s 


Similar equations can be obtained for the co-ordinate* x/> end Xc of the cen- 
tres of pressure p„ undpc. therefore the stihlndcx A Is omitted In tlie 
follovring. 

At X = 0, equation (20o) becomes 

Pm^t — pmln 

which means that the «pccific pressure p is dhtriliited nionjj the way 
according to a rectangle (Fig i e.. 


ps const 

If xs=~, it follows from the same equation that 


hence 


Pmt* — Pl»ln = Pr.,x -f- Pt-,!-, 

P-nI« = 0 


and the pressure distribution is according to a triangle (Fig 14ic). 

Finally, if it turns out after solving equations (20-’0 that x in 

which case, formally pnm < 0. this means that the bod and saddle wajs 
arc in contact only o\er a part of the length L. as shown in Fig 144^ To 
the left of point £ the joint between ihewaj-s is relieved of a load because 
of the largo clearance between the gib and the lower face of the wap. 

Having calculated the av erage specific pressures from equations (200) 
and the values of the co-ordinates x from equations (204) and knowing, there- 




WAVS 


f.iri', the shajic of tlio dintrram of specific pressures p from the ratio the 

ifiaviimim specific pressure can ho elder mined for each face of the ways. 
Ill rase of trapezoidal distribution of p (Kitr. Wid), from the equations 

/I.,,,, -r Ppiin “P'lr !‘"d Pinnx — Pmin Olltain 

P,.-.‘,X = Pnr ( 1 ■ -x) 

In case of triangular disl riliution of p over a part of the lcn';lh, it 
fiiiiows from tiio tliuyram in Fij:. t'/id that 


iicnri' 


nr 


P„vL 



■>') 


2L 

p,nax 


Jhr.nx ~ Pne 



I 


(207) 


Fur triamnilar distribution alomr the full Icuqtli L (Fip. Id-^ic), which 
can he regarded as the liuiilinq case of both of tlic prouedinq types of distri- 

X I ~ 

hut ion, after sulistiluling the value y- — ~ equations (20(1) and (2f>T) 
we can write 

Ptr.nx ~ 2/l,|p (2t)S) 

If in eipiatiuns (200). (207) and (20S) we substitute the value of p„p 
fiom equation (20!>). we obtain for face zl 


for.r.'4| 

.1 2L 


Pa, 


al, — ;ir 


for.r 


L I 

t> i 


(200) 


Similar equations are obtained for p ,i and pc mr-.x- 
A prucednre similar to or resembling that set forth hero is employed for 
(he ehecian;,’ calculations of slideways of other shajics. 

Maeiiino lord industry standard ildO-2 lists the following pertnissilile 
value'; for cast irmi slideways: 

ta) at low sliding speeds in the order of llie rates of food (latlies and miil- 
iin: maciune;). -- 2.’) to 30 hef per sq cm: 

(h) at hiqh sliding speeds, in the order of the ciiltiii'j .•speeds (planers, 
••li.ipers ami slutter.--), p,....^^ - ■ H kef per s({ cm: 
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(c) for speciaI-purpo«!c machine tools, operatini; at constant heavy feeds 
and high speeds, Iho specified values of should he reduced by ap- 
proximately 2o per cent', 

(d) for heavy machine tools, =* 10 Iref per sq cm for low sliJint: 
speeds and p„ax = 4 X(?f per sq cm for high sliding speeds. 

A value Pmn " 0.5 to 0.8 Igf per «q cm Is suitable for the slldeways r.f 
grinding machines. 

If checking calculations arc limited to a determination of onlj' a\cfage 
values of tho specific pressure, it Is recommended that the permissible tvcf.sge 
values be taken one half of the above-listed values. 

Because of the comparatively short time they base been employed, it has 
not been possible to establish permissible p^ax values for sled slidewaj's. 
In a combination of steel on c.asi iron waj's, the P/m, values are about the 
s.vmc as for cast iron on cast Iron. In the case of step! ways on steel waj's, 
these permissible values can be Increased by 20 to 30 per cent. 


10-4. Wa/f 

The main advantage of antifriction wa>'s. as their name implies, Is the 
low friction which does not practically depend upon the speed of travel. 
This ensures highly sensitive precision movement* and uniform slow motion. 
In addition, antifriction ways have a considerably longer service life 
than sHdeways. 

Drawbacks of antifriction wap Include their higher cost, necessity for 
more accurate machining of the working surlaecs and, Lnally. the lagging 
behind of tho rolling elements from the traversed unit (Fig. 145). Therefore, 
in deslrnlnc- antifriction ways for Jong distances ol travel, it is necessary to 
pro • • v-- Antifric- 

tior • • ■ ' 

'j I n equa- 

tion 

T-nT, + ^P ( 2111 ) 

'•I 

where To “ constant component on one face of the wap not dependent 
upon tho normal force 

n = number of faces (races) constituting the wap 
/ = coefficient of rolling friction, equalling approximately 0.001 cm 

’ for ground steel wap and approximately 0 002."> cm for scraped 
cast iron wap 

r,, “ equivalent radius of the rolling members, cm 
/> = normal force 


:S-e3» 



i'ii;. i'l'). nolliiit; ini'ininr vflority in antifriction way.' 


Tiic prnload slioulii l)o al-so taken into consideration in case of closed anti- 
friction ways. 

Table 3 illnstrales the most widely employed type.s of antifriction ways 
and liic formulas for calculating the required iraversiii" force. The first lliroe 
are open, and the last three closed types of ways. The friction force in anti- 
friction ways does not usually exceed 1 to h kgf. 


Constructions of Antifriction V/ays 

Open antifriction ways using halls (Fig. l-'din) or rollers (Fig. 146ii) iiml 
application iri cases when the main load Vonslitnlcs the dead weight of tlie 
travelling unit and varies only slightly during the machining operation. 

Closed antifriction way.s (lie. 14Ta, b and c) incorporate means for pvoload- 
inir and have a much Jiigher rigidity. Preloading is accomplished by taper 
gihs (ir adjuslahle flat gihs, in much the same manner as the clearance is 
adjusted in slideways. 

To eliminate the principal drawback of antifriction ways, the lagging 
heliind of the rolling members, reeircnlatimi of Hio halls or rollers is used 
in various constructions. In the e.xampie shovm in Fig. l/iSrr tlie halls ar 
arranged in a continuous row between four cylindrical rods, of which tw 
are .-ecured to the stationary bed and two to the travelling unit Guides 
along which the halls enter the rotnrn channel 2. are provided at the en 
of the way.s. In the second example (Fig. KeSh). blocks with rollers are ns 
Ihese blocks are arranged at the end of the wavs and have facilities 
recirculalioii of the rollers in reference to the block. 


Antifriction V/ay Design 

i he design of antifriction 
on tfu’ Contact strc'sc-^; (j,,. 
dfsi'gning precision machine 


ways consists of strength calculations 
contact rigidity is additionallv calcnlal 
t ool.s. 
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ways 


m’Vj 

III slrpiitrlli (■.ilnilalioiis it is first necessary to delcrminc the load actinrr 
no the mu<t hcavitv loaded liatl or roller. InvosllRations of 1). Heshetov, 
]■:. Hivin and Z. LeVina show lliat the formulas for calciilalinp the pressure 
ill siideways ran he used for this purpose. Thus, the maximum compres.sive 
forre art ill" on the rolliii" meinher is 

Pir.iix ~~ Prnnxl h (“ 11 ) 

where ' maximum pressure in siideways 

t ~ pilch of tiio roil ill" memhers (see Fi". Ido) 
h - width of tlic ways. 

The permissihle, load for roller ways, based on the conditions of coulart 
stn‘Ui>lh, is 

( 212 ) 

wiiiie for hail ways it is 

Pjer~Ocd~ ( 212 ) 

uliere Op coiiditioiiai stress, referred to tlie sectional area of the rolliii" 
niemht'r 

il diameter of (lie hall or roller 
h leiii'lli of the roller, 

Tlie permissihle rouditioiial stre.ss o,. for hail ways is h kijf per sq cm for 
steel ways (hall races) hardened to (iOlh;. and 0.2 huf per sq cm for cast iron 
ways (Bhn 200). The permi.^sihle stress for roller ways ran"es from loO to 
200 l;e:f per sq cm for hardened steel ways (races) and from 1.2 lo 20 Icqf per 
sq em for cast iron ways. 

file ahos'c calculations for ciieckiu" the contact slrenqlh of antifriction 
way< does not lake into consideration llic effect of errors in makin" the wny.s 
(si raiehlness errors) nor tlie diffi'rences in size of tlie rollint; memhers, 'j’here- 
fure, if the niaiinfaclurio" accuracy of tlie ways is not very hiqh. when the 
toi.il deviation from straiirht ness over the lenuth of contact is in the order 
of 1.*) to 2(1 microns, the value of should he reduced by 20 to 20 per 
coll! , 

Uieidily calciiialioiis for antifriction ways consist in determiniii" the 
ol.i'iic ilisidacoments due lo contact deformation under the action of tin 
ovtoiu.d io.id. In thi.s caso it is of (.special importance to take into considera 
tion the effect of the maniifaetnrin" error.' on the character of the loa 
di.;l!iiiiilion amoiu: the rollin" meniher..^, since lliese errors are of the san 
order . 1 ' the eiii.-lic. deformations. I'i". TV.l shows the efiecl of errors in an 
friition '.vays upon the distribution of the j)re.''''iire atnoiiq (he roll! 
!ii>'iuher<. 



lt>-t ANTinilCTION WA^S 



(C) 


Fig I iO niloct «f error? in the wa>> on the load di?iributiOD amos; the reHiaununoiiers: 
(ffl) dlHmnee la file ol thr rulliiig mrmt>rr» <« lack of par4llrll'<Q of Ike wry?, H Liu-i nt erraiij^t* 
nr« io Ihe »»ys 

In cncinccnnR calculations lor determining the rigidity, the elastic displace- 
ments m nntifriciion ways can be found by the following eqiutioas; 
for roller ways 

(itaa) 

anil for ball ways 

wlicre ^ clastic displaccmcnl, microns 

c, coefficient of unit deQeclion of roller wap. mcron-cci per trf 
Cb " coefficient of unit deflection of ball wap. microns per tgf 
q ■= running (linear) load per unit of roller length, krf per cm 
/* •- load on one ball, kgf 

The values «t the coefficients of unit deflection for antifriction wap manu- 
factured to standard accuracy, are gisen in Fi~ 150. 



%vays 



Fif;, iSO, Cooffn-ients i>{ unit lieflnclion of nntifriclion ways; 

I'l) ro!!<'r tt.iys; {>.) h.ill wa\r.; ; ntij rrountl v.ny>j wiiii fhoit nnil torn; rollers, rcspectlvclv 

J— scfsjica c;!>.l frirn ways 

Calculations and experimental data show liial the rigidity of roller ways 
nppronciies that of slideways and may even he tlireo or four times higho 
if they are snifahJy preloadccl. I'he rigidity of hall ways is only from 40 t 
of) per cent that of roller ways if the halls and rollers are of the same diarnete 
J he swrfare roughness of the ways (races) has a marked influence on t! 
rigidity of antifriction ways. Therefore, strict requirements are spccifi 
for l!ie scraping of .such way.*. It proves expedient to resort to lapping 
manufacturing critical antifriction ways for precision machine tools. 

10-5. Circular Ways 

t/ircular ways are employed in various machine tools for the main cut 
noMon (in \ertica! turret lathes and vertical turning and horing m 
as ^e 1 as for the work speed motion (in hohhing machines and surface g 
. rs) and sometimes for handling motions. 





Fig. tSl. Flat circular ciipof a ^mical bormgjnill villi' (iV'!' '1 


The general principles tliai underlie ibe selection of the 
their construction do not differ essentially from «ho»e ?vt fv'fth lov 

siraight-hno bcarinw or Mays. 

Flat ways (Fig. 151) are most frequeptl> used be^au^o of . 

considerations, since they arc simpler to waehuio ami to «v'‘ei'U'«v . 
application is especially iustifird in cases when a cenlral I’yaru'^ 
the axis of rotation of the table and the circular \\a>s carry only tno voui u 
load. . 

If there is no central hearing, a %ce-type circular way. usually ot un’*> m- 
metrical profile (Fig. 152) is empJojed. 

If the rotary table Is of very laige sue, as in hea\.\ vertical turning ami 
boring mills, two circular ways arc used This is done to nnluce the \otlUnu 
deformation of the table by providing mtemicdiaie bearing furiaces In the 


Circular antifriction wap {Fig. 153) are employed in high-speed vertical 
turret lathes. They possess the same features as antifriction ways for straight* 
fine motion. 

The circular motion limits the application of roller? in'antilrlcllou ways, 
consequently, ball-typo circular ways are more widely used In inarhliid 
tools. 



Circulnr wnys nro parliiilly relieved of thoir load; in order to reduce the 
cfnilnct pressure and consef}iicnt wear hy the provision of an nddilionnl 
adjuslnbln antifriclion thrust hearing and the delivery of lubricant under 
pressure belv,eon the workincr surfaces of the ways. A system of hydrostat- 
ically lubricated circular ways can beset up if luliricant of sufficiently high 
surplus pressure is available and several independent pockets are provided. 

Figure Ifi't sliow.s the lubrication sjestem of the model 1532 vertical turn- 
ing and boring mill made by the Kolomensk Heavy Machine Tool Plant. 
Here lubrication i.s combined with load relief on the ways. The vcc ways of 
the rnill have wedge-.'^hapod pockets. At sufficiently higli speeds these pockets 
jirovido for hydrodynamic luhricalion. In starling and slopping the boring 
mill, a supplementary luliricalion system is turned on in addition to the 
main sy.slem. Tlio .supplementary system delivers oil to (he pockets at an 
increased pressure sufficient to raise the table for hydrostatic lubrication. 

The de>5ign of circular ways does not e.ssenlially differ from lliat of ways 
for reciiltuenr motion (see Sec. 10-3). 



CHAPTER II 

ELEMENTS OF MACHINE TOOL 
CONTROL SYSTEMS 


II-I. Functions of Control Systoms. Requirements 
Made to Control Systems 

Tbo operating features of a machine tool and, in particular, iij production 
capacity, convenience and case in sen-icing and its reliability in operation, 
depend to a great extent upon how well its control system has been designed. 
In accordance with the nature of the process perrormed by the machine 
tool and the consequent construction features it has, the control sj*stcm 
Can bo broken down into a number of trains. Depending upon their functions 
certain control trains should bo independent of the otheff, while other trains 
should be interconnected, i e.. interlocked. 

As a whole, the control S)*stem of a machine tool is often a combination 
of mcchnnica], electrical nod electronic, hydraulic and pneumatic devices, 
sometimes almost all of these facilities being employed in a single macliine 
tool. 

The degree of automaticity of the control system in up*to-datc machine 
tools ranges from fully automatic controls when, after being started, the 
machine tool operates with no participation whatsoever o! the operator 
in controlling the nmchinc. to fully manual controls (hand-controlled machine- 
tools). The general (rend m modem machine tool engineering is to auto- 
mate an cver-increasing number of control operations and to simplify 
the remaining operations, performed manually, to the maximum possible 
extent. 

Automatic control systems have acquired decisive importance m modem 
machine tool engineering. They can be classified as centralized (independent 
or time-sequence control systems) or in-travel (dependent) control systems 
In systems of the first type, the control command to the operative member 
Is carried out regardless of its position or whether the preceding command 
has boon carried out. In the in-travcl control sj-slems, the operative member 
carries out a control command after it (the member) has reached a definite 
position. 

There is &l*o an cver-incressiBg number of programme-controlled machine 
tools with a positively and ftutomalicaUy accomplished cycle that ioliows 
a certain law set up by some mlcrchangeable element or elements. A drum 
similar to a controller can. for example, be used for this purpose. Copper 




-. r iirf.l tf. ;h(- ..f tlu' (irunt clcctric.'ii circnils in n ilffimte 

--■■n’iffirc (I'lrini: 'irmn rntnlion :in<! (in-rehy function n? ;> control <levife. 
!r.s;c.>'i of ■■ih'-i} i! firinn. pnr.riu''! liipf' or ciir*!?. magnetic t.npf. tape (film) 
•villi .' ri ojilir.'i] rcf-orJ. oui.. c:m Ik* enipJoyeil. Nnrncriral rontrol?. 'whieli 
tal.f n np toi.o t!icr v.ilh othor ?y.'leni.- of antornat ic rfmtrols of niarliino 
(iii.p isi Pai’v Six (Vol. 'i). are lin'Hno '.vi<]or an'l '.vidcr application. 

■iiii- prni(if!ii;~ of Control ruitomal ion have acquired pre-at irnporinncc in 
do i'/nini; rif-.v tiiodcL- of inaciiim* (or)l? in rojinC'Clion vriiii Ihc o.xtcn.cive 
ajtfdicat ion of hioli-vcloi-ity rnctai-nitt in" nicthod.« '.vhich require that the 
handlin" 'inie in controJlir." a m.-icliine tool he reduced to a inininiutn. This 
inn-! he taken into cojisideral ion in xvorkin" out the control system for new 
model' of machine tofds r)f all types. 

'i'he ffdlowin" recjuiremonts are made to contrrd sy.'teriis: 

I. Snfi’li/ i:j cii;:!rril. To (•nsure operatorsiu'ety and health, thecontrol devicf-.' 
should }.'• concerit rated and arran"ed in convenient control zoiie.s (within 
e.i'V reach of the opiTator) and. if nece.-'^ary. controls should he duplicated 
so that the operator need not ’.vail; <-xcessiYely around the machine tfiol. 

(’■on*-! rue! ions of controi systems should lie avoided in which certain con- 
trol dr^vire-i rotate duriii" niacliine operation. 

hlerlric pu.-li Ijiiltoii.s and rotary .«witcli hamllos should he sunk htdow 
the surface of rovers, or tlu'V should he protected hy riiitrs. etc. This require- 
ment -iof-' Tiril refer to S'Jtjl* pii.-li huttons. 

The following measures art; u^ed to prevent acridents thrit m:iy he the 
roMilt of s!iorlciimin"s in the de-ipij of a control system or of mistakes made 
hy the operator; 

fat the rei.iro! inemliers are fixml (iockefj) jn f'ach definite {uisitioii they 
te-nipy !Ji op.erat io!i; 

(h) control meclianisms are interlocked, i.e.. linkages are devised hetweeti 
liie sej'ar.qe control trains which rn.'tke it impossible to e!i"a"e two ronflirtin" 
moijo[!>: i mul t aiK'' lus! y ifor ('.vainjile. to <'nita"e table feed in a fitilliti" 
m,o. hiiic when the sjdtidle i^ stationary, or to disen"a"e siumile rotation 
v'itio'Ut di'er;o.,oi[(.;; table feed Itrst); 

O') tra.'.od limitin" devieis are prieviilr-ti for po-jitionin" motimis: 
idi ‘'(arianirr.T df.'.iccs .are used. 


In nia.cisiidrs" r.’oiio.-ctjve 
rt ra.oie controi- I'lo- jj, 

2. .Cc end C''‘!,r:t:’-:r.rr' ir. 
hi l.ivii V unt tie- roiifr.d s 
h.'Uoih - , rr.-ri) pn-h iinlton 


atid toxic materiads. it i-. nere-sary to apply 
) ami t<t use specird SiTi'ty trie.'isurf-s. 
n:r:r::f>;tiatit!" niaiuin) ci/n'tro! elernenls. 
ilions .-lioi iti arr.n.ojiu" the !iandv.he(d-^. lever-. 

. knoj,- ;iiid otlier control elcnsenfs. it is ncce--- 


'.ry 

i to- ( Vor; ft .piire 1 f..r o 
• lio'-Id riot ove*-. i .•I 5 , of. 

form i iae.'iianu-rily r^-’v 


eratie.rs the phy.-ioioctscal hictors of liuma.ii lodnes. 
joamtinr h.milv.hfojs- levers of tr.tvid rnerhani-nis 


or hi k"f if tht' sa 
’.(!!. if po-ijttif-, it 


rne tr.aver-e motion' can Ite per 
1“^ hetti-r to t.ake the maxiniun 



>••1. hi ro\Ti:« 


cfTon a. r, ,.r G kef. „„Iy ,i lyl 

pcrlormpcl frequently. > * 

Irnporlanl faclor< in nmtrol r.i«p one! rniixf tilnifP .ire ll.c si/p. ‘li.irw .n.ff 
loMtion of the part of tlic control rlcment erippi'il liy ifip li,in<l. junl llir rotii- 
in wlilcli thp control olenipnt^ nre di«po«c(l. 

If control oloincnli. tra\plhnj» ilurmi: oper.nf}«in tnirllirr with tlir nnil 
on avhich tlicy arc ninuntnl. Ifa\c the operator am] enter n rone in ftliirh 
it is lncon^enienl to operote tliem. Ifie control elrmrnis fur rlojipini: t)‘c 
mncliino In cmcrcencics ahoiiM l.e «Iiiplica«st loRctlier nitli at Ii a«l the tii<-«t 
important of tlic oilier control elements. Tlie rm*'t ronvenxnt .«oliiliori of 
this problem is the ii«e of iicmlcnl piisli-button rlnlions 

3 liapld operation of thr contrr>/r The more frequently n control operation 
is performed, thp Ie«s ii,e hine it «hmiM require. 

4. Afnemonic featuret of the control*, provided primarily hj co-onlinatin:: 
the direction of hand motion ivilh the direction of travel of the controlled 
unit of the mnclnne. in arconlance uith the nilr* of the ?td 
Directions of Motion* in .1/acAinc Tool*. Thi« •l.indard flipulalrs the dirtr* 
lions of motions of the control elemfnl« to obtain rranual or rreehanlrnl 
trONCl of the various imu* in eii«urinc the relative pe»itinns of Ihevvorkpifce 
anil enttinj; tool 

The decree to which controls should he mneiroiiic depends on tlio nninhrr 
of control elements that the operator must manipulate in optratinc the 
maclilno tool. The creator the niimher of control elements, tlie more iliffi- 
ctilt it is to niemorire the controls and more the tirre required for makinc 
chance-overs (chancme speed' or feed*, encactnc ff di*encacinc traverse, 
etc.). Hence i.s the lendene) ’ *’■' ' ''- — “-‘s ‘'i. 

date machine tools The In ' ' * e 

control elemoiil is ii«od in • • . e 

button is pushed in piish-hutton controls. 

Another method of rpjiieinc the nmnher of control elements is to concen- 
trate several diffprent, hut like or relaleil, functions m a «incle lever or 
liandwliecl. The intccrntum of the control of unlike fnnctinns is aI«o pprini«* 
sihle if the control sj-steni is niilomaled to a decree in which ini«lake« in 
operation are practically excluded. 

r». Accuracy of the control system. The accuracy of traverse obtained tiy 
various control elemcnt.s may differ in n wide ranee. In some ca«es an accu- 
racy measured in millimetres is sufriciont (for instance, in scttinc the tool 
head of a planer alone the rrossrail), while m other ca«cs the required accu- 
racy of travel must he measured In microns (as in positioninc m a jic hormc 
machine). i i i 

In each separate ca«e. the required accuror> of a control tram stioul'l 
ho determined on the ha«is of its application and the function il performs 
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ELKMENTS OF MACHINE TOOL CONTROL SYSTEMS 


1t-2. Selecting the Control System and Its 
Construction 

The control sj'stcm of a machine tool is made up of cither independent 
or interlocked trains. Each of these trains has a definite function in the 
macliinc tool and consists of: (a) the control member (clement) which receives 
a command at the required moment in the cyclo from the transmitter; 
(b) elements and transmissions whose purpose is to transmit the command, 
received by the control member, to the operative member which performs 
the required control motions, this transmission usually being accompanied 
by a conversion of tlie movement of the control member in magnitude and 
direction, simultaneously wdth a conversion of the force applied to the con- 
trol member; and (c) the operative member. 

The transmitter of the command may be either the hand or foot of tlio 
operator of the machine tool; a dog travelling together with the table, slide, 
etc.; a cam on the camshaft of an automatic machine tool; a template in the 
form of a model, master; a graphic template (drawing); punched tape, 
punched card, magnetic tape, etc. 

Commands arc transmitted to the operative member of the control train 
by mechanical elements and transmissions, and electric, hydraulic, elec- 
tronic and pneumatic apparatus in a great variety of combinations. 

The operative member of the control train, accomplishing the required 
movement of the corresponding part of the machine tool, is in most cases 
a mechanical clement (lever, rack, shifting fork, etc,). Its functions are 
sometimes performed by oil under pressure or compressed air which acts 
directly on the part to be moved. 

If the machine tool being designed is to be employed for large-lot or mass 
production, the controls, as a rule, should be fully or almost fully automated; 
a semiautomatic or automatic machine tool should be designed (see Part 
Six, Vol. 4). 

Applying various types of automating elements and devices, sometimes 
quite simple ones, the number of control operations can be reduced to a 
minimum and, in certain cases, a nonautomatic machine tool can be converted 
into a semiaulomalic or automatic one. 

The most expedient degree of control automation can bo established for 
eacli new machine tool being de.signcd by comparing the complication in 
construction due to this automation and the ensuing increases in labou 
input and costs and oven, in some cases, decrease in operating dependability 
on the one hand, with the economical effect achieved by this automatic 
and easier servicing, on the other hand. 

Automatic stops for disengaging power feed at the end of the cut or oper 
tion are of advantage and sometimes necessary (for example, in drilling a 
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!o rfiniure the rpccd if tbo rndr of ‘.Ik* ornr or Sho oml-^ of iho rlnicli 

j.r.’,*- run tij» ao;tin?t do.' tfctli or jaws of llu* matin': opars or cliHcii mombors. 
]a '^iirh rase;; it nccossary to Iransmit n !-li|:bt tnriiim: inolinn to the poar- 
iiov shaft'- f'itlur by hand or from an incliintr push bnttoii or, linaliy. by 
Hirhin" t.'ii"n'„'niiK'nts of a friction clntcb if one is avrsilnblo. All 

tins involve? ati extra loss of time. 

i he soleeiio:) f,f a jypp of control sy.stem (lepf-mls mainly iit'oii bow often 
ciinttfre-ovors .are to be made and. consequently, iiow fatimiinc: the control 
.-ystem will be for the operator, and bow lar<:e the share of hnntUlti': time 
required for rbaiioins: speeds, feeds, etc... in the total jtiece (floor-to-noor) I ime. 


H.ind Control Elements and Pedals 

A (treat variety of hand eonlro! elements are em])loyed in m.odern machine 
tools; the nto«t eomtuon of lliesc are hnndwbefds with and wifhont .spokes, 
erank handles, handles of control levers, and various knoiis wliich have 
been standardized in tiie (.'SSIl (inacliinc tool iinitistry standard.s .Mil •'i-.AS 
tlirouqli 12-riS). Slamiard control elements should he used in all cnse;s except 
when spt'cial conditioiis call for elements of specific shapes. 

Detacliahle control elements are, in general, iinde.sirahle since they often 
yet lost. Sometimes, however, it heeomes necessary to use them, for e.vampie, 
as an extremely simple means of interlockin': conflictim: eontrol motions. 

\s previously mentionod. it is very nndesimlile to allow rotation of liaml- 
wlicels or crank handles dnrini: operation of the macliiiio tool, especially 
diiriiiir rapid tr.nerse motions when these control elements rotate raphlly 
and are a hazard to the operator. Haiulwheels are to he desif’ned so that tliey 
automatically become (iisi'iiqaccd from the shaft on which they arc mounted 
(for exnm])le, by means of a sprinq) diirinq the whole period of pnxver traverse 
of the unit they contnd. 

i’oot eontrrds are considerably more seldom used in machine tools than 
iiand coiitriils. In most cases, jiedals serve for eonlrollinq ciampinq devices, 
for t'xamjde pneumatic or eleetrir chucks, since in removing the finishei! 
'Aorlipieee and loadin;: a new hlank, frc'piently both hands of the operator 
are oreupieil. 


Trantimlssion from the Control Member to the 
Operative Member 

In the majority of eases the initial motion of the control mernheris rotarv, 
wliile the motion of the controlled elernonl or part of tlie mnehine loo! h' 
more often reel ilinertr than rotary. Therefore, control trains incorporate 
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Kig J5o. The U’C of raek «ran»ml«‘ion« In iho oontrol tnrrhjni*n i{ $ rjofil 

nil lyppi of mochnnical transmlMion In which rotation or, frc'|tjcnt|y. 
rccUlInear motion h converic'l Into roctllioMr or rotarj' motion. 

Of the mechanicnl type^ of tranamla^lon. the nio*l commonly i;«r-l «rp 
Ic\or?. rncka and jcrcM-s. while cam, link-motion and Orneva wheel mech.a- 
nl«nis are itfcd for 5inffIe*lo\ cr control aystems. 

The mnm ndvanln?o of a rack tranami«^lon i* the ro*«jhiIity cf arrafijln; 
the rack at will in the pl.mc of the rack pinion or rejmcnl prar meJhinp wiih 
the rack. Tina enables the p.iri linked to the rack to bo moNed In any plane 
The same rack pinion can be made to mesh with rrvera) rad*, as i* often 
the case fn selective control systems. This may ejcinde the need for «pefIol 
interlocking element* Shown in Fip. 155. os on example, are the controls 
of a speed poarbox which shift fne slidinp part* alonj* two pArnllrl sh.xft*' 
two doiible-cluster pears and tlirce ample pears. Sbiftinp I* done witlj three 
lowers, G, 7 and S, mnunlod on a common axle, by means of srjmrnt pears 
nic*hinp with rads cut on five control rods. /. 2. 3. 4 and 5. rarryinc b'ri*. 
one for each of the «hiftcd elements of the pe.irbox. 

A drawback of Ibis solution is the lack of suflicicnt cnnxtnience in ron- 
trollinp the pcarboc becau'O ol Ihc many levers 

Transmission with a «crew and not Is especially convrnifnl for accurate 
iiuilions. In combination with tiiph-ralio reduction peannp, a ‘crr* ar.d 
niit can be employed for rnakinp very small hand-operated motion*, mev*- 
iirahlewitb a micrometer, similar to tho*e required for infennittent inferd 
in a prindinp i!i.ichine An advanfore of a screw drive 1* tb.vt it enables ■ 
Inrpe force to be produced at the end of the contrnj train, one required. Icr 
instance, for traversinp a heavy unit of the machine tool without lnt^^^u^lep 
intermediate tran*mt-«sion* info fhis Crain. Ol imporfanco In some ca*es i» 
the fact that a rack drive enables a unit to be ifaversed more rspidly tli»n 
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ill fill’ fi .1? ifi-.-irlKii; o! a filnri' r 


a ‘-nrcv. (Irivo. 'ihi-i (Ik* Jv.-o typo^ (.f ( i'ari'trit'-idri 

jKi'U'- if a intrh li'a'l '-crf'.v (F'm. Ifii')) ciupfoyaii. 

} r.in‘-iiiia~i(iii' v/ith (ii'nt.-vfi whaal^. pin mut? ruitl itirouifilflc 

pru’, f' ronvanifiil in raniroJlini' i^a%'i>ral c!ti.'t<*r "('ar-', rintcfx*:', i-tr.. 

fru:!! ;< Miitrla ,,r Ji-var /sac liffo.v). 

V\'i'i<‘iy I'iiiplayr'.J for cljani'in” or ftici!? j? a f-'mipii^ icv'T 

naciiaiii-^ni ui Ui'- fnrin af u rn'i v.ilii a fork. oa Ifif- ontf-idc' I'lul af 

!i)i' ro.i r a iiaiuhviiral or l<-vc-r. 'ffic fori: {-< liakff! ?o tlic part fioia;’ aiiifti'/l 
only .fxiaily .110! doi ' not ivnpc’do jj-, rotation. I.’pnn tiiniifio tfa- favor tho 
{'<!■:- 'hilt-, tin- ( liUci! or ^!l!^tf■r ai.>!)!r tin- ^hnft to t!io n'lpiiror! po-Uioti. 

if ifn- fii-aifnl to jif* ovnr a foniparativfiy fono ili.-laiico, i( v.iU 

i-i- fn '.iry «" pm-. i(!f ;Minlf-' for tin- fori;, for nvainpir-. in tin- form of 
r-iotni r>-i~ or a to avoid mi-'nlitrimif-nt of tin- forf. 


li-4. Multiple. Lever and Single-Lever (Single-Handle) 
Centro! Systems 
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SlNOLt LTm n CO'.rrrtL SY'TtlfJ 



Fi^. 1 j 7 \n ctampio «-f • ♦mflc-lr'fr urtrol 


(or iiiiiltipIr-ljniKlIc) conirol «)*len> Js incon^enitnl in oppralion, 

incfficirnl .t< to time JoJt in conlrulliotj llic mschinc and fnr ihp 

opprafor. 

Sin?Ic-|c>cr {siiiglr-lianJJc) a)5tcni« an* mucJi nuirp ifficirnl litre rath 
unit IS controlled bj one or t«o hand control citnibir- Surh *)*ttni* repft*> 
sent one of the tjpicfll trends in the de^ipn of rnoJem machine tool< jn 
which tnnnii.il control still rlay* n sipnificant role. 7 he n rchsni*rii« of Jinrl'^ 
lever controls ere frcqiicnll> quite complicated and ejprrsne Hence n 
dtsipninp a new model it is neerssar)* to compare Ntf^iens of both 
of conirol and to jiidije m what ritenl a more complicated and 
cnn«lniction is Jii«tific<l h) the operational ad\BPta?e« and cccrcr a"'*' » 
of n sin"Ie-le\er control s)‘tem. 

If the inachinint: time id an operntum constitutes r. ari> Iti.r* i.- f 7 
of seconds or c%en minutes jn rarryiiie out the hard t.r'* '' 

is of no significance In such cases, a sin;»|e-lr\cr c» r.ir^J >7 i ‘ . '' 


or ;.'..vr.ni;;r. "ool con* not, KvsTr.M^ 





!')«;. ir^. Sinsle-IvviT Cf>n'.rol with roiitrol dtiim'- nswi h {icnovn wtu'cl (ittvo 


fu'i! by the ufforl to nvoid the of inisluL'e,'? iti polliiuT tip or opcrril- 

inn Ih*.' nincliine ihut can ic.ui to riooclion of iho \vork‘pipr.f>. On the contrary, 
n .'-yytci!) is to i-.i' prefcrroil in uU cast>> wlicn t!io operator innst 

ttinnijniliUo Iho Itami coulroi iloviccs coutpar.ttivf-ly often as in liio operation 
of HiO'iitttn- nnd smaU-siro luachine tools. 

Till' noot vadely applii-d sinnU'-lcver control sysloni'^ can he ilividoii into 
two r.r.vin ipMaps; 

1. c'inc'lc'iever C'Citrol sy.-leins with perinauent linhaoes helween the 
<■< Ip. t foilin',’ nn'inio’rs and the parts heino controlied. .-Ml motions of these 
par:- are :u <.-ioap!i<!ied as a result of tlie soiected .structure and eon.stniclion 
of til'- r.'introi trains, ^\■^^i^|y employed in such trains an* cylinder (drninl 
and plat" rams, linh-Tii.ttion dr've-. tleneva wheel nnchanisins. as well 
a- Isydr.mlic, jmenmalic and eieclrohydratilic device--. 



n-t MtLTirLn-LE\i.n and «i\..rr-t.r\ri; 


cosTroL 5\j7r«j 



2. Smclo-lcvrr control <y>lcjn* in ntiicb the j.ime contmllmi,' f"pnJ.<‘r 
c.in I)C Jinked to fcveMl diffcnTit control trains The controllin? nienl er in 
Uii« case H a le>er or handnlieel whicJi ran he #hiheil alorj:^ jl.i jhsft. or 
n jo>-stick type of Ie^rr ivitli a constant centre of jwnel. etc 
The principles of .•inple-fe\er control system di-icn an- eiplaineJ ly the 
folloninji example* 

In the ronstriiction shown in Kis: IfiT. Je'cr J can he turneij Loth in a f.ori* 
rontnl plane to^othrr with shaft J and in a xerlicai plare nhout pm /. Uhrn 
the lexer i? turned in a horiroolal plane, spool rear 10. integral with *haft /. 
moves pJiinccr ami rack // with il< fork. Ihrnhx shifting triple clf*tfr 



l.T.MF-NT? 


or machi.n;: ~ lo > h . conthol yY5Ti'.>;s 


rc.,r /- to tl'.c risrht or Ifft aloni:: <hpf» 0. If lovt-r i? lurntal in a vcrlical 
piano. ■/ is nnivr-f! upward nr downward and circular rack A’ turns "car / 
V. itii .-^hafl d oil whirli it is secured. Fork I J. keyed nii shaft fi. then siiifts 
douldc-clnsicr pear FV aloup sliaft .5. The .^ix .-lots in pate 2 <-orr(spond to the 
,-iv ^i,.p« frf .-p.'cd ohtained hy all po<sildt' comfdnations of onpapoiuonl 
of the triple- and doiihlc-cluster pears. When lever 3 is in the central posi- 
tion (not in any of the.'^lnls) the two cluster pears arc in their neutral posi- 


t ions. 

Fitrure l.'iH illustrates schematically a siuple-lever system for conlrolliiip 
Jii -jiindle sjtcinF of a millinp machine. Spindle speeds are changed hy 
shiftiiip four slidinp douiilo-rhister pears, a. h. c and d. To construct the 
devidopuienls of the curves ou drums / and 3 (the first contrcdlinp cluster 
pear.' r. and d, and the second, cluster pear.- ti and b), it is sufficient to have 
a structural diagram of the sjieed pearliox whicli clearly show.s the sequence 
of l•npal:eme^ls. I'sinp such a diapram. no difficulty is encountered in plol- 
linp tile devi’hquiicnt of the curves on the control drums, as has been done 
for the piven pe.irimx in Fip. loth 

Dimensions x, y. r. etc., and the width and shape of the prooves arc deter- 
mined in accordance with the lenpth of shift of the cluster pears, diameter 
of tlie fidlower rollers that enter the prooves. etc. 

Iti the arranpemeiit shown in Fip. l.aS. the shafts of the two drums are 
linked throuph .i lieiieva wheel transmission 3 and •/. with n ffuir-slot wheel, 
riiu-i, drum /, conlroilinp cluster pears r and d, makes one full revnlnlion 
to I'vcry four revolutions of drum 3 whicli controls clu.ster pears n nud b. 
'flu- cnrri'sponil-; to the slnictural formula of tlio penrhox. which is lli *• 
■I ■ 2 2. For thi- reason, tiiere i« only one riplit and one left workinp 

[lo'ition (section A' of the development in Fip. lo'.l) in tlie proove on drum 3 
for clti.-ler pe.us u ami o. The same is true of the proove on drum ] for cluster 
pear d (Fip. i.'i'i) while the proove on drum J for rlnsler pear r has two ripht 
and two left pu-ilions (Fip. l.'if'F 


i- locked in l!ie wnrkiiip positions hy means 


I'lie device 

di'l; 

In coi)i]!ari'-on wish cylinder c.uiis (drums), plate e.uiis with a jiosiiive- 
u5urn fe.xtufc (face c.itus) have the adviuitape of occnjiyinp less .space dm* 
!<• th.eir Mtud! thic!;tu“'s am! the tm-sihiliiy of arranpinp curvi'S on Imth 
sole- of each 'iis';. liu* u-e of face cauis in a sinple-lcver sy.-tem for con- 
troUiie.r the spindh* .-peeds of a millinp machine is illustrated in Fip. ItiU. 
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ni in the luiiemat ic. diapram. the .spindle ha- 


1 


•> - 


jo lip, s*.(ip,. t iic spci'd pearho.v is similar to that shown in I'ip. l.'iS ,imt 
eontr.-F diiier oidy in tliat tw., di-ks replace the two drum-. Disk / eon- 
lioulde-cluster pe.irs c ami d of the two extensiuii pnmps of 


tr.UiS!!u'"!o:is for 
one em e.'cii siiii 


widch purpose it tt])o fj'tc: (y.-f, orofivf's {f,tc<' Cams), 

Di-k 2 has only oio' proove (face cam) for the two douhie- 






. . r, t.: r. i O:' "ACIUNf- TOOi. 

r!ii-t* r c arn! Piniler fnllowt-r? n .\mi h\ ciuilrnlHii': tlic?o clustor 
.>rf arrarr-!"} in Ihi.' 'iroove al an an^lc of 5H0‘ from o:u’h 

'''foT 

If til!- (•■.ntrol of all tlio c!u?!f-r ct-ar? v.*a? comlnncsl in n single face cam. 

ii-lier.- ami o' v-imM he displacc-l from each other hy an angle of — ~ ■ 

-ih . ran he .‘^cr-ii hy comparin;: the developmenls of the two gvooves 
fi>r rhiM.-r gear- n and b. Conseqneutly. in the conslmction st'lecteil for 

tiic coiitrid nierlianism, disk 2 .<iion}d make -;^r— ■" -i revolutions jicr revolu- 

•|0 

tn.n <>! di-^k 7. In this respect thi.< meclmnism doo.s not differ in con.siructiou 
tim vne .^liown in I'ig. loS. 'Phis is accornpll^hod hy providing the corres- 
puniHm: tirive hetv.ren ili^k 2, directly linked to the crank iiaiulle, and disk/, 
i h(-s( !-tip .spindle speed is imiicatf'd on a dial hy an arrow linkeii to the disks. 

A great nnmher of parts in the moch- 
artisnis of a machine tool can he.‘=liifted 
hy means of a single lever or .-iinglc hand- 
wheel. 'I'his enables a largo miinhcr of 
main drive speeds, rates of feed, rapid 
traverse and positioning motions to he 
r.onlroUcd. Making use of electric, hy- 
draulic nmh'or pneumatic facilities, espe- 
cially convenient for remote control, the 
lever or handwheel of the .single-lever 
contnil system can he separated from the 
machine tool proper hy arranging It on a 
pendent or porlahle control station. 

riio cfioicc of tlie cotnhination of me- 
chanical and other means, most expedient 
from the point of view of operational 
fea.lures ami prodncil/ility, .«hoii!d he 
conditioned, in each definite case of de- 
signing a new inoilel, hy tlio increase it 
productioa capacity allaiiiahle hy the ns 
of a single-lover control system,' on th 
line Iiand. ami the inen-ase in the co 
o; the machine tool requiting from a mo 
complicate-! control sy-tcm, on the <itl 
iiami. In a>-(-='ing the merits of the vi 
fi-;.sihle versions of single-lever c 
trois, line sloiuld tmt overlook an e.-. 
ti.il sliortcomin-g of many versions- 




IJ-S. ri'C^KtrCTlOS fONTISOL STlTFH' 


i.cco55Uy In Chanffin? jprr,}. or tcrd* for pa-Mn? tl.ro«sl, all tlir intrfmf.Jiatr 
5fop^. Thw not only to unpnxfuctixc 1 o««m of tinu . tut al*o to Incrca'M 
«car of the components of the control «y«lem lUrcc. it -cee.’* or fee.!, are la 
he chanfc*! frequently, such Yer?5ona are e«pfcially uri'le-irahle. 


Joy*8tIck tjp«“ le%er«. T!ie*e lc\cr?, nliich can he tnnied in two or joeral 
planes, have the ad%antaqc that they need not he ‘liiftcd thcotttth all the 
mlormedlate position*. The u«e of •iich a Icter is demonstrated in Fiq. ICl. 
Two uouble-cliister pears 7 and A, ine'htnp with four pear* on driven shaft J2. 
can he shifted by forks C and 0, secured on the shifiinq rods J and JO. The 
two rods, loqcther with their forks, an* <hi/led hy means of a slnple fever J 
mounted with its hall joint 2 in the rover of thepearhoj. Hall tip 3, *l the 
end of the Ie\cr. can ho entered into the recess in Mock J or II. Wiirn lever 
I is turned, it will shift the piven hluck loqelher with it-s roif along the rod 
axis, thereby shifting tf'o corresponding cluster gear. 

When shifting rods 5 and 10 are in their middle position (in svhich ca«c 
the two cluster pears arc in their neutral positions), the recc««es in blocks 4 
and II arc opposite each other and ball tip 3 can he entered Into either 
pccc«s. When one of the Mocks has been shifted to its workiop position, 
ft is impassible to enter hall tip 3 into the other rect-s. 

'\ single Jny-sliek type lever can be employed to control a large number 
of speeds or feeds hy enpapin? it to different control trains. 


n>5. Control Systems with Preselection of 
Speeds or Feeds 

The time lo«t in rhanpe over* can be minced if the control sj'stem is 
designed so that the preaier part of the manipulations needed for this pur- 
pose ore perforined wliilc the machine tool is in operation but without alter- 
ing the speed' or frrds «pi up f«r the present opcralum At the end of the 
operation, the speed lor feed) is rapidly changed hy a single motion of a lever 
or by simply pre^<l^g a posh button Such control systems are called 
pre«plrcllve bccausr* thev enable the speed or feed for the ncil operation to 
be selected during the ouircnl operatnui Thc-e »j«teni? can be ccnnomicaUy 
justiricd in machine t-xils whose operation requires comparatively frequent 
changes in the speed< or feeds (for insiatiee, turret Inthe^j If the machining 
time for the variou« operations is large ifor example, in machining heavy 
workpiece^ in large machine twd*). it proven impo»«ib!e to economically 
5 trb«t.mtiate the u<e of a pn-'Cleclive contro] The decision to apply" 

such a system should be ba«etl m each individual ra«e upon comprehe-nsive 
engineering and economical calculation' 




ii-s. rnr«ri.rcTiov ^o^Tnol. «T*TrM' 


Qulle n lan^p numln’r of i!ifli.n*nt «.f orr^vUrtlfi'i co-uroN 

lire bnnir mcl in «p-to.<l.-Hp nnc|,|np to..U Th<-p -y-tcm* fnsy iliffpr 
•uMtantiftlly to llioir fonnructf*n« Iml f..innnti to all of tbcm an- tho 
pnnciplo of th'* control train «lnrln? tlio linn* pn'paralii'r.* arc 

bpiitil maifp for pn?a,»in 3 the nett •p'*e-1. an<l thp t««e of conlonrr-l 
for aliiftin?, ^itnilnr to the cam« or ilriim’* of n «iiijlf'-?r\rr corilrol 
yystcin. 

Tlie principle of n «pccil pre<pleclion «>«tpm i* illiulraled in H? fri2 
First of all Icmt I U Utrncl. At ihU. part «lifft< f-.rt* 5 and 11 al-iij r<xN 
■1 and 10 in oppmite direction'*. Tlif^e fork** entfr annular eroovr* of con- 
toured cam-* J and 1L‘ Then *haft C !■* tumid with a handu heel. Tlie cama ore 
mniintPii on .*'pfine< of this shift. The speed is chanced hy shiftinc h-wr / 
hack* in the opposite direction Tills disenc.«ces the mam friction clutch, the 
speed cearhox shafts arc slowe*! down and cams J ami hroncht l<-cether 
acatn. nctiiate with their lohe< the pins of lexers 7 and S. Thi* turns lexers 
7 and S about the axis of pin J) so that the forks at the ends of the !e\en 
shift the correspondinc cluster cear« to their new p'Hition*. 

Sliovsn In Fiir a* a jocond example i« the sfhrtnatlc dincram of a 
hydraulic pre-election sy-teni for contfolhnj the spindle speoil* an'! feeds 
of a radial drill The sjstcni «»perates as follows. 

Pump 1 dehvers ml to nccninnlator^. When the arcumiilator l« filled with 
the necessarv \oliirne of oil. a port opens thronch which oil nndir a pressure 
of If) to 12 kef per sq cm pa««es for Inhficatinc the heirincs and llie Rears 
of llio drill head 

Proparalinns are made for «htfttnc the cluster cear« in the .spwl and 
feeil ffoarboxes by tiirnim; handwheels (• and 7 Throujh hexel pearmc unit* 
A, inti //, th(-e h.in''lH)ieels turn the inlemal sJeex/n of the preselector xahe* J 
and 10. At tlu< (lie pn-«iirp rh.iinl>er* of these vahes are connected to the 
upper ami lower ends of the two pi*«itlon cjlimler* 1 and the three-position 
cylinder II wlio'P putoiis are linked ncidly with the lexer* «>f forks that 
shift the cluster RCirs \s loiip as main xalxe .t is c!i>*ed and the end* of the 
nclnatinc cylinders are not >ei under pre"iin'. all the cluster pears remain 
in their provums p<nition« The cluster pcji- are «hiftetl a« ?oon as xalxe 5 
is connected to the Ii>draulif ronlrtd h> shiftinp lexer 12 winch nl«o 

enpapes the mulliple-<li«k clutch of the *IriH dnxe 

.V comparison of cxi«iinp preselection c«ntr<d ?y«t«Mns leads to the conclu- 
?lon that their further dexclopinrnt xxill he tow,ird the application of h>draii- 
he. pneumatic and tleclric faciiitic« m them *iiiiplifx in,: at fhe ?anie time, 
their inechaiucal c*unjKmont« 
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l!-6. Selective Speed nnd Feed Changing Systems 

'Jl:'- fhorlrornirii:,' <*f c.-»Tj 5 m!t ive yppcd-chonein!: pystvms ’.vere 

p. 'J 'i i to-.Mlsf'r '.vilh the advanlnirf? of selective' .‘■y.'^UniP. Tlio 
ro.or-' (iic 5p‘''-i< i-r flcumr-ii. i.i\. tho niori- tiie mnnber of ptojw of 

'^pitid!*' ppi< ;j or fo.'-i. tii'* inoro pifniFicant tiie=e ndvantano? hcconu'. The 
principle <,( oporaiinn of n polertive ^ppi•(!-c!lan^:inlr iiiocli.inipni i? cxplaiood 
iiv f'i:>'. U'T tSiroiirdi 

i’ipnrc U'i'i ip nri cletsa'ntary diaerrnin (d a pinele-tevor peioptivo pppcd-cliaiic- 
in;r rri- chani'-fti •■ic'ip'ned in (lie Sverdlov Machine T<fol Plnitt for applica- 
tion in ■!»' lioriroiitnl Imrino mnehinr-p of tin? plant. 'I'o engaert* om- of the 
four avail.Tlile ,<--p('o(i.p o! iirivc!i .‘^linf! 7. .-^elector dip!-; 7’ is pulled by jiieans 
of Ifvr-r / toward ibe operator, tliercby inovint; it away from the piipher 
r.ic!:.'’ •■viiich mi -it in pairs v.itb pinions IJ. Then the disk is turned to the 
required pr^-ition. in vdiicb an arrow or other index will point to tlte required 
ppi - il (or fred) value on a dial or rireular scalo. and pushed forward a? far 
re- it will po. At this the selector dipl: jiuphes forward the rorrespondin" 
pair of piishcT raci-s (the other pair hein^ opposite holes in liie dtpk) and liie 
fori.p e.f levers .‘T and /(/ phift the doiiide-cliister oear.s O' nnd P to (In' 
nqitir.d posilir.ns. Mlertric (dement •/ perve? here to ine.h drive mot or iS. 
fai'ilitat iju: enpareme.ut as (he cear.s .slide into ini'.'lt. 

'i'he pehi iivf- spceil-rhanpin" mechanism Phowm pchmnnlicaliy in Fi". Km 
id-.i hap a pinple selector disk. It differs from the precf'dinq mediani.«m only 
iti that it has o[e.iier mimher of rac!: pupiier.- by means of which four 
douhle-chister 'rears. /. 1', .'/and areshifted to (ditain d 7' 2 >' 2 s- lOppeed? 






jj-e *rt.rcTJvr srrrn *\rt iri p cJU'iojsr. s\‘yri 


TliP principnl irentiictrir <iimrn<Inn< of <iich mirii;!- 
ni'<m^ can bf ilctcfjnifif-i from quite cviJt-til r<U- 
lion«}iip^, i]«in£; I ho nofaiit.n accepted inlir«, jC.'j. 
ItU) and 107. 

71ic di.<l.incc botnern the ave-* of Ibe jMirH of 
rack pii«lirrs in 

C^2r.. d~2r.i 

where m is the triodiilc of rack pinions Zf. z., 
and s» (ric- llui). 

The concentric riroloH t>n which the crnlros 
oi the holes lor llie {>mis oI the ncl pn*her. are 
locate*! Iia\e a dinriieter 


D , » 


c 






where k s-. n whole number 



n ®» niirnhcr ol dlfierrnt encacei'ient*. 

Hence 




(JufTin if a 

tr; n 

nwt ti* le, 


The JcnRlh of travel of the rack pinhers depeijcJ* upon the wlJtli h of II e 
loolhed rlm< on the clii»trr pear> and the r.itio^, where /fj i» lie r.siliu' 
of Hie lc^cf (lint rliift' the correspondiaf cl'i-ter pear /\* a rule II, r- (3(ii:>)r. 




ICO. Diagram h'f dlt*^K^^ln^lLe 
' pn«ian« of rlrs’cnis of 
tllu«tratrd in Fip !f5 


Cfwiciric dimi 
themechanion 


© 


■ o 



rip jf-T I'l. 


is t ir !'■ j 



cLr.:-iE:<TS of machi.ve tool control systems 

The selective speed-changing mechanism sho%vn 
in Fig. 1G8 differs from those described above 
in that it has two selector disks instead of one. 
The other differences of this mechanism from the 
one shown in Fig, 165 require no further expla- 
nations. 

Though they possess an important operational 
advantage— the possibility of changing from any 
speed to any other speed vrithout passing through 
all the intermediate speeds — these selective mech- 
anisms also have their shortcomings. In con- 
struction and manufacture they are quite com- 
plicated, cluster gears mounted on a single shaft 
of the gearbox must be provided with an interlock- 
ing device avoiding simultaneous engagement 
of two cluster gears, etc. two-disk selective 
mechanism requires less space than a single-disk 
mechanism; otherwise they are practically equiv- 
alent. A more detailed analysis of selective 
Fi'' ICS Elcmontarv dia"- control mechanisms and an improved version of 
rum of ,) tv.-O'disk them are to be found in an article Selective 

“pff.'d-cliaiiging niociianism Speed-Changing Mechanisms by M. Moldavsky 
for 10 speeds (Stanki i Instrumenty. No. 11, 19.59). 

.•\n analysis shows that the number of repealed 
disengagements and engagements of interlocked cluster gears, depending upon 
the corislruclion of the selective mechanism and the interlocking method, 
can he quite considerable and lead, not only to excessive time losses in 
changing speeds, hut also to e.xcess wear of the ends of the teeth on the sliding 
uoars. In this re.spect, selector mechanisms with rocker arms (used, for exam 
pie. in the model 679 drill flute milling machine) or with rotary pin-typ 
pushers (as in therarn-head milling machines, models 675 and 670) are mo 
cfliricrit than mechanisms with rack pushers since they do not requi 
repeated, kinematically unnecessary, engagements. 


11-7. Remote Controls 

liemole controls, extensively applied in up-to-date machine tools, e 
the operator to perform the greater part of the control operations, 
himself at a more or les.s considerable distance from the machine tool 
being ojnlrollcil. Such control systems are convenient in many cases, a 
aliimst indi.spensabic for heavy and especially for unique machine 
Machine t<tols intended for machining materials possessing natural 



II-?. ri vojr co\Trot» 


ricial r.-J«no.icti\j«y Ir.vhoi-otnprs) arr r^n/pp/../ «jf/i r(«i;ioi/* rr.nirtl far,I«- 
tics Inr nil npcr.itioii>. fm-j the M.»ril f» rJ,f i.i,»rf,inr 

i-Linovnl f)l Ujc fifti«)a'] nf ?Pmifirji«JiM piff, TJn^ i« nil tf,c rvirr- r rr',.Mrv 
mnciiiiip for tlu' purpiHrp arc frr^iifnll) inMnlN.l in a .rparatr 
room. »‘^olattMJ fr..in tliP opr-rninr, or thry f.prrate at ll p }-.ilI..rT r.f a 
»rJJ rillcii null u.)trr. * 

IlornotP controN are .tNo on in.ir|iino tooN Inlrn'icl fr^r r art. {'Jr"* 

lil.inU of Iiorylliiim ttlifcli rori'tlmtcs n Ijaraf,} ijtip ifi iff 

In l.irt:e'Sizo macliine tool*, rivnotr control* co^-rra crialrr or h %i'r nuTiVr 
of operations dopcn'lin:: upon llio (mrilnl «jie of (fip rnapliifu-, if* 
ant} sometimes iii ntfith. .irol upon its con^tfuflion — tfjp arnrrrrrnt C'f 
tlio units. «irc and of jfir MatiV* and tlir frequency Rith wfiicli 

coolro! operation* are to l>e perfortne-l. 

fn accnnlatii e «ij|i tfir location of (lio control staliori on ulnch the conJnit 
till’ fuller* of the ni.irfiiiie foul .irc eonrentr.iipj ari<i aUo from olfier e/ifi*i(li'n> 
flon*. various *j>fcrti' of mnoro ronlrof' r.sn !><• u-rtS. 7/i(“e ‘y^fer • fncfiitfe 
rlcctroinoclinnifal el< i ffolndraiilir .and otlier*. 

Tlie centralirecj mnotp control *t.ition i* mo*! ofirri de«i 7 nfd in tlie forri 
of ft pontlml (or dll pi Idle pendrut* for scr>' lflr?e ifiseliifip*) on wfiicli fleet nr 
pijsli liuttons and «ii(neiiiiii** rerl.iifi control }e^rrs flfr tnwintrd. In tM>*i 
ca*c*. *uc(i pcmlcni* i.«rr* s( VffT and Sr</f' p’l'fi /'Utfor* for ttif min 
drl\c, nml pjir* .•/ pii«ii tmton* for ren nn unit* (for if.*lanfe, ilo' 

tnlilo of a verlii il loirin/ loill. rro'«r.nl« lie.tts ‘lidi*. clitniplnff ijrslri-*. 
cearliotfs. etc ) 

Tlio layout* and enii«trtiriion« of ri*molp roriir>d «>*if rr* are iJi«tinrUL*lte J 
for tfiP Croat vanrit of uii le* efiploied jlemeni* of •>sierr» applied and 
llicir cmiiliinaliyii' Ihe primiple of rrmutt ti.fitnd ymlrtertnir.*-* 
especially wide appinuiton ..f ilirtric and liyilntulic farililie* in *iipIi 
syrlems, and to n l(•«>•er d»'.:ree pneumatie dcMce* ‘'peej* and feed* ran l-p 
eonvcnienlly cfiancod tn cr'rboie* by me.in« «d eleeiromscfietic frirtun 
clutcfies cnalilinc eompfel-' remote loiitfol* of main driie 'pnif*. Rorliec 
feed*. Mpiil lraver*e mosevKnl* reversal* of the niachinr unit* aiid, in jorr 
ca*cs! priselfCtloii of ifie next spc.-*! tor fi«-d) The ii‘P of rlittronart ettf 
cUUchcs. solenoids nidividoal ele*tr»r motor* for certain tjnil*. etc . rnaMe* 
the functions of the nper.»tor to lo riduotj n.ainlt to pn-’lnc p.;‘h l.t-llor,* 
and tuminc handlis at tbe eoi.lrol 

Industrial {cl.ised-circuitt tel.ti-ion t.a* hren u*rd to •one ettrnt Tr 
casts s^hen the contr<>l *i.ilion i* limited -o that direct simal n!-*rn»tun 
of ll.c m.Am.ns orralL.n 

of 11, c .. .l,fr,.„li oi loip—iH- .n ir-ull.tlo-. I,.. Ifo 

the (icaw \«rtirjl end ht/.-irc riill. 

i dian.eterl lli*> teles I'lo'i ea/r.era *,1 tht* e-itft 


applied, lor instance 
KV-fir* (with a talde «< ' 


can l>e traver*efl up and down in t 


I difreNi 


filed 


‘K. 








\lin lUMn^ |^ JHClIlM toil 


n liorironlol iilniic. TIip camera W rrnmtr f».ntr..||ei). li.njn? » rctilralur! 
crmtn)l ar*ik. 

Slioun in I ij;. I(i‘} i« an example of tlio infrl>atil*m Ji<r ihr rrnolc 
clianciMff nf liorizoiitnl f(P(l< in a Jjeaxy fliaprr. Tlic elfclric nintfr nf ifita 
itipcliniii^m I? awiiclicd em fn.m the control llirr.tijh • piir and r.urtn 

pcnrinf’ and n iniiltiplr-ilf>k frirtion rhitcls oin! inil, traii*latciry li 

traii«mmc(l to tlic arrew which t* ricidly linked to the »hiftin? (r rl of a 
duller ccJ'f. When the cIii*Ut treat reache' the nqnirfd p(i*iticii. tl.e fork 
is automatically locked hv an index, iho corn^potnlin;: limit »»i!fh is 
operated and tlie tiiot<ir i« .'•witched off 


11-8. Safety Devices of Machine Teels 

/« desiffninc « »<'» madiine «of/o«< .stterition ffiti«{ hr cnen to the 
protection of the operator and 's'r\icinjr hand* ns,iiii«t nrcMlmls and exces- 
sively larce plij-ical ylrain. O’* well as protection of llie inarhine, ciittiti!? 
tool and workpis'CC aijain-l damase t|i.at may occur from \arinii< causes. 
IVolectfon at the machine tool arcidfiits and hreakdoims h att espe- 

cially vital factor if it ■' to he hinlt into an Mitomatie transfer tine. 

Safely devier-* .should operate aiitoin.vtlcany. 

Devices for proleetiiii' the life and health of the operator an' of prime 
impoflanee The constrimfion of deviri-* for this pijrpo>e i» considereJ In 
Works till .Safely enstiiitermi' and man at>.-tl)si< rhnrt«. 

Devices for proteetiin; the machine tool and ciillins tool n;;ain>l break* 
a^e Of damaiTO. anil the workpiece fn»m hem? spoiled can he classified 
into three main croup* 

1 . /nter/oc/.inc d'^ncct (fnter/ecA«) which should ensure (a) that Iwoorniore 
pairs of ceafs c-mnot he ciicaired «imult.ane<iH«ly in a »incle tran.smi*sion 
croup .since thi* had* to inevitahle hrealace of the cears, «halls and other 
part-s {see i»p I’t’C I" <h)fh.at Ih«* conflict inc moimns cannot he rncaced 
«iimillanP'iiis|y. ami tc) that certain rontrtd oper.aUon« cannot he perlormed 
eviepl 111 a de'rnutc «iqiirnce ami in «ome ca«es. with ilet'mite tune intervals 
between them 

Z Traiel-Umitinmhucn which m.iv have two kind- i>f purpo*es m machine 
tools* 

(a) One ly pe of dev ice slops the motion of the tr.av ellinc unit of the machine 
loid when it re.tclu- the pi-rnii*-ihte extreme pirsiiioii« before mnninc off 
the wavs or op acaiii*t «tatl«'n.irv p.arl« of the in.ifliine the cultmc tools 
or the wnripjire Such dcvires, which oper.ite at ihe jKTiii.incni extreme 
points alone the line of travel of a niovahle part of the macliine tool, can 
be called evlreiiie-pir-ition limilinc devici- 
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ELEMENTS OF MACHINE TOOL CONTROL SYSTEMS 


(h) Ollier limiting devices are intended for disengaging or switching over 
the motion of a travelling unit at points along the line of travel that are 
estahlislicd in setting up the machine tool. According to their purpose such 
devices can he called size-maintenance or processing or adjustable limiting 
devices to distinguish them from the first type which usually occupy a fixed 
position on the machine tool. 

Thus, the main function of the extreme-position limiting devices is to 
protect liio machine against breakdowns, while the function of size-main- 
tenance limiting devices is to ensure that the machining operation is done 
so that the workpiece acquires the required dimensions, i.e., to prevent 
spoilage of the work duo to size errors. 

Si/.e-maintenance limiting devices are extensively used, for example, in 
turning, grinding or milling up to a shoulder, in plunge-cut grinding, in 
machining blind holes, etc. 

.3. Overstress protection devices protect the machine tool against excessive 
loads which may result in the development of such high stresses in the 
material of certain parts of llic machine tool that they lead to breakage or 
permanent set of the parts, or to stalling of the electric drive motor. Also 
impcrmissihlc are loads resulting in such high elastic strain of certain parts 
that the mechanisms of the machine tool cannot operate normally. 

.'\n c.xccssive increase in the temperature of friction surfaces may also 
have grave consequences, especially in the case of bearings or slidoways. 
Such overheating may he duo either to overloading of the machine tool 
or to troubles or failure in the lubrication system. Overheating or mechanical 
overslressiiig usually lead to seizing of a hearing, scoring on slideways, 
etc. 

The protection devices mentioned above can function satisfactorily only 
if they operate completely automatically. 


Interlocking Devices 

'fhe problem of interlocking transmissions can be successfully solved 
if an efficieul control mechanism is devised. In a single-lever control system, 
simultaneous engagement of two different spindle speeds or two different rate 
of feed is impossible. Likewise, in a multiple-lever system, no special inter 
lucking olcmonts will be required if the parts of the mechanism, whose simu 
taneous engagement could lead to a breakdown, are linked to a single ban 
-control member. 

If llie control system is designed so that erroneous engagements, dangero 
to the machine tool, are possible, then the corresponding control roemb 
should ho interlocked. The same refers to the control of kinematic train 
conflicting motions, or motions which must take place in a definite seque 
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Interlocking may be accomplished by various means: mechanical, 
electric, hydraulic or their combinations. 

1. Jnierlockuig parallel shafts. Interlocking components are secured on tlie 
shafts on which control members are mounted. These components may be 
in the form, for example, of disks or sectors with concave recesses as sho^^^l 
in Fig. 170. In the position shown in Fig. 170ct, either crank handle can 
be freely manipulated; the right-hand shaft is locked in the position shown 
in Fig. 170h. 

2. Interlocking perpendicular shafts. Shafts perpendicular to each other can 
be interlocked with similar elements (in Fig. 171 the lower shaft is locked). 

3. Components with rectilinear motion can be interlocked as sho^^^l sche- 
matically in Figs. 172 and 173 for the two principal cases. 

A definite sequence of control operations, with or without specified time 
interval.® between them, can be maintained by means of electric or hydrau- 
lic apparatus or a combination of the two. 

Electro-, hydro- and electrohydromechanical facilities are finding wider 
and wider application for interlocking purposes in new models of machine 
tools. Tlieir constructions are so numerous and diverse that they cannot 
be taken up hero in greater detail. 

Travef-Ltmiting Devices 

The choice of tlie principle and construction of an automatic travel-limit- 
ing device depends upon the functions of this device (e.xlreme-position 
or size-maintenance limiting device) and the required accuracy with which 
the travel of the movable unit should be limited. 

Extreme-position limiting devices are adjusted in such a manner that the 
travelling part of the machine tool does not reach the dangerous end posi- 
tion by 3 or 4 mm. Hence, an accuracy of ±0.5 to 1 mm, and sometimes 
several millimetres, is sufficient for an extreme-position limiting device. 

If the travelling unit is to be powered by an individual electric motor, 
the unit can be slopped most simply at its extreme positions by means 
of electric ordinary or momentary-contact button limit switches. An ordin- 
ary limit switch with no supplementary devices can stop a travelling 
unit with an accuracy of 0..5-1 mm. 

In cases in which no individual motor powers the part of the machin 
tool tliat is to be automatically slopped at the extreme points of Irave 
it is stopped at those points by disengaging the kinematic train. This c. 
bo accomplished by any of the devices used for size-maintenance trav 
limiting, 

•As a rule, size-maintenance limiting devices should limit the travel w 
considerably higher accuracy than the e.xtreme-position type, since 
accuracy of the machined workpiece depends upon the former. 
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Tlie accuracy which travel is limited also depends upon wjiclher 
the corrcspo/id//i" part of (he machine tool i« to he rc^cf^eJ immeifiatclv 
after bein? stopped. If it is. the accuracy with which travel i« llimtrd Ly 
a limit switch much hiijhcf since in the process of ^c^er«al the electric 
motor is slowed down rapidly by plutr^in^. 

Limit switchc* can stop tra^ellini; units with an accuracy of ±0.02 or 
0.03 mm. This I* sufficiently .acciiraio for many cases. When hi'chcr accuracy 
Is required, up to ±0 001 mm. it w-ill be necessary to resort to mech.inical 
or combined electromechanical or cJectfobydromochanical devices. 

.Mechanical systems of precise travel-Iimitinir controls arc ha«ed on the 
following principle at a definite point in its line of trasel the part of the 
machine tool whose motion h to he limited mee(.« a rigid (posilne) «tnp 
secured to some stationary part of the machine tool. .\s a result the rrsistance 
to further motion increases to a point where the kinematic train of the dri%e 
to the travelling part j.i aiitomalic-ijfy disengaged. Thu may he accnmpJuhcd 
by various means, the mo^t widely u«ed being shown schematically in 
Figs. 174 and 175. In the diagram in Fig. lT4a. slide 2 is stopped when it 
reaches positive stop /. and friction clutch 3 b«.’in« to slip. Thu continues 
until the slide is withdrawn from the stop, for instance ly reversing the 
electric motor. In Fig. 17i6. ratchet-tooth clutch 3 is used In place of the 
friction clutcli 

.V iraveMitnifing arrangement based on a dropping worm is showm sche- 
nintically ui Fig. l/on. The feed motion is transmitted to the slide by feed 
rod 2 tlirougli gearing shaft 3, universal joint and shaft 4 on which worm 
S is freely mounted The worm u linked to shaft 4 by means of an overload 
clutch 6. When the slide runs up against positive stop 1, worm wheel 9 
and worm 5 stop rotating, the torque on shaft 4 increases and the overload 
clutch disongagc#. .\t this, the mo\abfe part of the clutch shifts to tiie right, 
lurning lever system A' lu the direction of the arrows and cradle 7 together 
with the dropping worm swing downward by gravity, thereby disengaging 
the elements of (he worm gearing. 

When worm wheel 2 in the arrangement shown schematically in Fig. lioh. 
stops rotating liccause tlie slide h.i5 nm up against a po^il'uo stop, worm i 
continues to rolate. advancing to the right by screw action in the teeth of 
the worm wheel and turning angle lever 5 counterclockwise Then, under 
the action of spring 3. clutch 4 is inslantancoii«ly disengaged 

q" • •..•.» Ly mechanisms designed accord- 
ing similar arrangement^ operat- 
ing . • ' rigidity o! the elements and 

of the mechanism as a whole. 

Of the described version.*, the one incorporating a dropping worm is tne 
bc^t since its operation in\ oivcs the disengagement of components travelling 
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at low speeds; they Ime little inertia and con<eqi;ently onh ‘•m.ij; ourtrawl 
due to inertia, 

Travel-limitinp accuracy, attained Tilth dropping iiorm* or dronpms- 
levers and jaw clutches, is about 0 02 or 0 On mm for idjin- a«d onlv 01' 
or 0.15 mm under load 


The highest travel-limiting accuracy att.ainalle with a pcMtiio stop i< 
±0.01 mm. but frequently it is not better than 0.05 mm (this accuracy 
depends on the mass of the unit nhisc traTcl i« limited, its speed of traTcl 
and the coefficient of friction of the unit on its wajs). Higlier accuracy can 
he attained only under exceptionally faioiirahle conditions 
The draTvbacks of purely mechanical Irjiiel-limitlng dciicos can bo elim- 
inated without sacrificing ' ■ ’ ’ 

electromechanical arrangem 
schemes and constructions 
relays which switcli off the 

at the moment that the traTolling parts of the inachmo tool nin up ngain«t 
the positive stop In others, a limit switch is operated simultaneously with 
the disengagement of the clutch, dropping or shifting worm, to switch off 
the drive motor through a contactor 
The stop should be of a construction ihnt enables it to he firmly and depend- 
ably secured The stop itself should be wear resistant and rigid since its 
deformation will reduce to naught all other design measures Inteniicd to 
ensure a high traioMimiting accuracy The method of fastening the .«lops 
depends upon the construction of the parts of the m-ichine tool on winch 
they are mounted Frequently T-slots in the bed, slides, laWe*, etc., ore- 
used for this purpose 

One of the pair of mating stops should be equipped with a micromtlric 
screw or collar or other similar part enabling the length of travel or arc 
of swivel to be set up to greater accuracy 
In Fig. ITG. stop 5 is secured on the bed with strap clamp <7 which has teeth 
that enter the tooth spaces of rack S Two screws 7 draw together the clamp 
to the bed. Micrometric screw 7 
p by turning nut 3 having a scale 
I against rotation by a key which 


In the operation of machine tools Having slides or heads carrying scTcral 
cutting tools the lengths of travel of these tools generally differ and therefore 
each tool requires a separate stop. If there is a great difference in the lengths 
of travel, a common stop js sometimes designed so that it can he rapidly 
set up in different positions. 

In horizontal and ^ertic3l turret lathes, the length of traiel of each tool 
in the turret and the cross slide or side head is limited by a separate stop. 
Each group of dops. associated with one slide (or head) is arranged on a spool 
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or drum or a special plate. The stop spool or drum of the turret is linked kine- 
malicallv to the turret by gearing in such a manner that when the turret 
is inde.Kcd to the next station, the stop spool or drum is likewise indexed 

to the next stop. , , . , 

The component carrying the adjustable slops may be of various shapes, 
for instance, in the form of a shaft with longitudinal slots for clamping the 
stops, a drum of large diameter arranged in line with the turret and also 
having longitudinal slots, etc. 

The size-maintenance travel-limiting device of a slide, head, etc., may 
be connected with a huilt-in instrument which automatically checks the 
corresponding dimension of the workpiece either periodically or continu- 
ously. Wlien tlie required size is reached the instrument automatically 
• disengages the feed or stops the machine. 

Sucli devices wliich automate operation are employed especially 
frequently in machine tools for finishing operations, instruments of greatly 
varied typos being used in them. 


Devices for Protecting Machine Tools Against 
Overloads 

The diiiicnsioiis of each critical component of a machine tool, required 
to ensure suflicionl strength and rigidity, are determined in designing on the 
basis of the whole complex of ma.ximum forces P and torques Mt acting 
on this coinponcnl. Hence, a device protecting this component against dan- 
gerous overloads should automatically restrict the force and torque to the 
limiting values P,i,„ and d/, H is evident from the equation 

N — CiPv — C^MtH 

whore A' = power transmillod 
V ~ velocity 

n = speed in rpni of the component being protected against overloads 
Cl and C; — constants, 

that a limiting of the power in the corresponding kinematic train is cquiv 
alcnt, from the standpoint of efficient protection, to a restriction of tli 
force or torque only at u — const or n = const, respectively, i.e., in siiigl 
purpose machine tools operating with invariable cutting conditions at 
onh II the main and feed drives are powered by separate electric moto 
It these trains are not powered by separate motors or if y 9^= const a 
n const the restriction of the power of the motor to some constant lin 
mg value A „ will not maintain the values A/, or Pj,m constant. Th 
fore, devices iitmdng the power of the drive motor of the machine tool 
not, in general, replace such overload protection devices as shear 
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<IulchM, etc., anti do not eliminate the need fnr such do^ic^< a« tlio latter 
the tuo tj^es of dcMce<! have principally different function*. 

Llectric, iiydraiuic and niKhanteal protection device** are citensively 
employecl m up-to-date machine tools, set oral dctices of different tyne* 
often fcoing used at the same time in a sinRle macliine. The most ndvancetl 
type, in respect to their operation, are electric protection devices (though 
n^ot applicable in all ca**C3) and instantancous-action safety trip clutch^. 
The choice of a sistcm of protection devices depends on whether their mam 
purpose is to protect the machine, cutting tool or drive motor, oti their 
required automalicity, on the rapidity of their operation and sensitivity. 

Only mechanical overload protection devices are considered hclow. The 
following iiave found mo**! wide*5pre.id application m machine tools; (a) 5 he.ir 
■or breaking pins and keys; (b) friction, jaw (ratchet-tooth), hall-type 
cliitclies, etc.; and (c) dropping worms 
A flat belt also protects a machine tool against overloads; it will continue 
to slip until the load is reduced to the rated value- 
It is insufficient in some cases just to stop the machine upon an overload; 
It IS also necessary to reverse the motion ns. otherwise, the cutting tool or 
macliino may be broken "hen work Is renewed (deep-liole drilling rnachlnes, 
etc.). In these cases, the proieclion device should he comhined with a revers- 
ing mcchaQism. 


Shear or breaking pins or kejs. These components, installed in n suitable 
place in the kinematic train .vnd joining together t"o shafts, or a shaft with 
•a gear, sprocket, ratchet wheel, etc., arc designed so that at M, > iim- 
the pin or key is sheared through or broken. This disengages tlie corresponding 
kinematic tram and thereby avoids damage to more critical components 
of the machine or destruction of the tool 

Typical constructions of the shear pm are illustrated in Figs 177 (Machine 
Tool Industry Sid P9 j- 1<I) .md 178. As can he seen, the shear pin >s inserted 
ifi most cases m hardened steel bushings, press-fitted into holes in the joined 
•components. Therefore, the edges of the hole arc not distorted when the 
pin 13 sheared. I'.irt a keep* the shear pm from falling out. 

The magnitiiile of the force required to shear the pm depends chiefly on 
the material of the pin, its heat tteatmcni and its minimum diameter. There- 
fore. this force can he v.vried m a sufficiently wide range without changing 
the diameter of the bole for the shear pin hy varying the pm material and 
its heat treatment, and b> using pins with rectangular or vee-shaped necks 
of various dianieiers or phim pins m bushings with const.vni outside iliam- 
eters and various inside diameters ...... ^ 

Shear pins are made of steel 45 (Machine Tool Industry' Std I *o-lU). 
spring stceU and struciur.iI steels 1.1. 20 35. etc The shearing bushing are 
most often made of steel iOX which is hardened and tempered lo 4'^odlvc. 
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Shear keys are emplo>cd in a similar way m machine ton].. 'Hic-y arc 
Tnade ot the same malcrial as shear pijis, as wcIJ as of pJasiird. 

Shear pins and keys arc suitable in units m winch o\ crioads are infrequent 


Safclj clutches. Safety clutches ha\e the adsantace o\cr shear pins and 
keys that they are not destroyed by o\erloads but slip so that they di'en'-’.ijo 
the correspondinp kinematic tram wliicli they auiomatically restore as soon 
as the load drops to the normal ^aIlIc 

Safety (slip) clutches require only periodic adjustment or replacement of 
the worn parts. 

Basically, any clutcli can beu«cd as a safety clutch if it i« capable of self- 
disengagement when the transmitted torque exceeds a certain maximum 
value for the given clutch. Friction clutclios are most commonly used for 
this purpose in machine tools. Safety friction clujclips are similar in f/>n- 
struclion to ordinary friction clutches, differing chiefly in llml they ha\c 
no control components (Fig. 179). The service life of a safely dutch can he 
increased and the overloaded unit can be rapidly stopped by linking the 
clutch to some device for switching off the povxcr. 

The same materials arc used for making the component* of safety friction 
clutches as for those of friction cJolche* intended for any other purpose. 

Jaw (ratchet tooth) clutches arc also frequently used a.« s.ifcty dexice* and 
operate successfully if the angle of inclination of the side* of the jaws and 
the tension of the spring ha\e been properl> selected. 

The clutch shown in Fig. ISO consists of sleeve* (clutch members) 2 and 5 
with jaws (teeth) haxing inclined sides and keyed on shaft* 1 and 7, respec- 
tively. in transmitting torques which dj» not esceetl the established limit 
iim engagement of tiie clutr' " * 

The pressure exerted by the S 

by adjusting sleeve 5 axially ' ^ ' 

bears on one end against cluti 

and on the other end against sleeve 5 which is linked through clutch member 


2 to shaft J. , . ... ... 

Disengagement of the jaws in safely devices of thi* type requires axial 
movement of one of the members witli jaws. Expertence shows that the fric- 
tion resistance between this member and its piiiding key orsplines may some- 
times be so large that no axial motion takes place and the clutch i* not 
tripped In Fig. 181, the upper half shows the safety clutch of the table feed 
mechanism of a planer-tj^e milling machine while the lower half shows how 

excessive friction can be eliminated ... , , .• » j » 

The clutch should link hub 5 of a gear (not shown) with the feed screw 1 
of the table The usual solution was applied in tiie earlier construction: 
hub 3 is freely mounted on a plain part of feed screw 1, clutcli member 2 is 
keyed to the screw In the new design, shown below the centre line, inter- 
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iiifijjalc chifcii rrieinher -/ with jfiws hiivinir iiiclineii siflo? lias heon irisortod 
j.ciwoeti huh -9 and clutcli inombfr H wliich is keyed on Die feed screw, Tlie 
jaws of rnernher d entratre identical jaws on huh 5, Clulcli inernhers 2 and d 
are enf'.'Ji'rid {o"efiier hy five Jarf'o square jaws v/itli ground sides. In case 
of an overload, clutch rnernher d slides easily to (he left since its motion is 
not restricted hy heavy friction on a key. 

A hfdl-type safety clnlcii, shown in Fig. 182. operates on the same prin- 
ciple as a jaw clutch from which it differs only in that halls have heon used 
in place of jaws. The halls are retained liy riveting over t)ie edges of the 
sockets into whicli tiiey are inserted. 
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'flic diameter of a sliear pin is determined from the equations (for .single- 
aiid donlde-shear jiiris, respectively) 


” /rr., ^ ■ '//tT, 


(218) 


where d - pin diameter at the cross section v/here shearing ks to occur 
nm ■ design torque at, which the pin is to shear; taken with a certain 
margin (ahoiit 20 to 2o per cent) in rcsjiect to the norrind tnaxi- 
mnm .!/( 

T, - shear strength 

fi distance from lliesliaft axis to the pin axis. 

Suhslitmiiig T. kot, wliere o, is llie len.silo strength, in equation (218)^ 
we obtain 


d 




t llni 




(2V. 


wliere <! 


v-k 

ionldfsshear pin. 


t . l.'t 
Vh' 

.According' to experimental dal; 


for a siimle-siiear pin and o ■ p 


/'.T 


yf 


i (t 


1.20 to 1.3' 


snilalde for singie-siiear pins and n - 0.8.0 to (J.O.h for doiihle-.«hear p 

Machine Tool fndimtry Sid I'O.O-IO stipnlate.s a pin uiz,. range of d 
!o 10 mm for jiins' of ste<d d-O. 

1 he de-itja torque ^f^ depends not only on the operating cotidi 
(if the machine tool, hot on where (he .‘^hear pin (or oilier protection d 
I- ioiated. It is essentia! lliat; (1) the driven part of the kinematic 
‘top; as soon as: pov^iihle after the pin i.s sheared (or device is trippe 
(2! that (lie protection ilevice is not tripped or otherwise r.peraled wl 
machine loul is started. It is aFo of importance that Ifie safelv de 



Il-S s UITl UMICK I.V «ACII1^^. TOOLS ; 7 f 

ftccresible for the replacemenl ol the sheared or worn parts with spare one^ 
or for adjusimcnl of a clutch. 

The kinetic energy of the part of the kincmalic tram that is to slop when 
llie proleclioti de\!cc is tripped should be as low as po^sihli- to ensure that 
the macliino slops rapidly. Therefore, this device should he located so that 
no considerable flywlieel masses are between it and the place where the force 
is applied that can cause an overload It can be sbowTi by analysis that in 
protecting against n dangerous o\erln,-)d by rf<lrictitig the transiniltcl 
torque, the prolerlion de% ice should be arranged in tJie rorrcsponcJing kine- 
matic train so that the transmission ratio is constant In the part of the tram 
between the deiice and the point where the force is applied that can lead 
to overloading. 

To avoid tripping (or shearing) of the protection ileiicc in starting the- 
niacliine tool (iniperim«sible for shear pins and keys, and highly undesirable 
for clutches), it is necessary to comply with the condition 

( 220 ) 

where d/{ is the rnaxinuim torque on (he shaft on which the protection 
dciice IS mounted during (he period in which the inarliine is started. 

To comply with this condition, it may sometimes prme necessary to locate 
the protection deuce on a shaft more remote from the final nionihcr ol tlie 
kinematic tram that »s being prolccicd against oxcrload. 

Shear keys are designed by employing the same calculations os for shear 
pins. Friction and jaw safety cluiche« are designed similarly to clutches or 
the same types intended for other purposes the caiculaimu? include the- 
coefficients of friction which can be estimated only approximately. There- 
fore, the construction of a safety clutch sliould allow it to be quickly ndjustetl 
iu a sufficiently wide range 



CHAPTER 12 

DYNAMIC CALCULATIONS AND ANALYSIS 
IN MACHINE TOOL DESIGN 


12-1. Dynamic Performance of Machine Too! 

Systems 

The liiHicr requirements that arc being made to the accuracy of the dimen- 
sions and geometric features of machined workpieces, the development of 
new materials that are difficult to machine, and the extensive introduction 
of process automation, leading to tiie design of machine tools with automatic 
systems of control and feedback adjustment, have greatly heightened the 
role of dynamic processes in machine tool design. 

In the design, manufacture and operation of macliine tools, engineers 
arc more and more frequently confronted with problems concerning the 
dynamical effects. 

Tliesc problems can be reduced to throe main types: 

(1) selection of the parameters of a drive; 

(2) analysis of machine tool behaviour upon travel of the units without 
cutting action (idle-run operation of the machine tool): 

(3) analysis of machine tool behaviour in the process of machining a work- 
piece (machine tool operation under load). 

Alonu with experimental appraisal of pilot models, dynamic calculations 
in designing a new machine tool have acquired especial importance. Th 
aim of such design and experimental appraisal is to compare several existin 
models or an existing model with one being liesigncd, as well as variou 
versions, in respect to their dynamic performance. 

in addition to an appraisal of tiie machine tool, dynamic calculatio 
cover a comparative appraisal and aid in selecting the construction of t 
cutlinu tool, fixture (clamping devices, etc.), cutting speeds and feeds. . 
the drive. 

The indices of the dynamic performance of a machine tool arc delermi 
by calculation and experimental investigation on the liasis of the "c 
theoretical propositions presented below. 

Indices of dynamic performance of machine tool systems include 

1. Marm or degree of stabilitij. The loss of stability of a system is 
fested by the occurrence of vibration or gouging of the cutting tool, 1 
nonunifonn stick-slip travel of the units and their jamming. Itb 
necessary to stop work on the machine tool and to attempt "to eli 
till' causes of these phenomena. The margin of stability defines the pos 
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of changing some paraniotcr ol a sj’siem isUlioul il»‘ Uv«.i ot «tn\.UUN . 
Ue can, for example, speak of tlic margin of slal.ility in riwpi rt Jd jJio nVJ'J- 
i(y of a fjoring tar or lo ils oxerhang. or in n*spect lo Hit* iJrpili of rol rjr 
It IS convenient to express Hie margin ofstaMlily of paramcioiN roiin-riMH} 
with Hie frequency response of asj-jtpm in Hjc form of the itiargin <if stnhility 
in respect to Hie amplitude or phase of thi< characlen.Mic. 'I he degree of sie- 
Idtily IS defined hy Iho rapiiJily of decay «f a process iiiltlaled in n staMe 
system hy external actions. In Uie case of vihmtional prori'^n-i, n roinniicnt 
index of the degree of slahilily ol a system is Iho damping factor taken ns 
the cfiaractcn'stic of damping in the theory of vihr.iHoii. 

2, Deviations of the parameters of a sijstem upon ritcf/ial action: (n) static 
deviations; (b) stationary dynamic diwiatioiis (in particular, fnrcetl \)|irii- 
tions); (c) transient dynamic dexiations; and (d) random de\ intloiis. 

Tho selection of parameters by which the indices id n syslom, 
to external actions, are lo be determined should ho guided by the sjiecifir 
objectives of the calculations or analjsi'*. I r.. by tlip type of iiroMein and 
the hind of criteria to bo employed lo cvnliinte the indiri"*. Such fritetln 
are; machining accuracy, serxicc Ule (durahUtly) «1 the machine tmvl, 
fixtures and cutting tools, production capacity, and energy lossi>s, 

01 prinxc importance are dynamic calculnUons niid niinlysls in re^jucl 
lo workpiece macluning ncciimry. In llii< ca«e, the Imlicrs of dynariiir I'er* 

ioTinance of the systems subject * ‘ • ■ 

(a) static macluning errors, • 

a blank with constant macbinii , • ■ • 


actions on the system; 

(b) stationary dynamic machining error*, in parliculBr waxlne-* or lohi-d- 
form of the machined surface upon forced vibrailon*; 

(c) transient dynamic machining mors occurring ns a rc*iiU of deforninllon 
and other deviation* ol the system during IransiPfil process*-*. Mich a* when 
the cutting tool is fed into of run* out ol ihc cut («lug!e-polnl tord or toolfi 
of a milling cutler or broatb). 

(d) random dynamic machining errors winch are the rf-ull of the arUoo 
on the system of external lador* liaving a Mridom or clinnce nature. 

The parameter hy means of winch the accuracy of a syxlem i* ralrulalr d 
or analyzed is the displacemtnt of the cnlUng tool nnd workplfce m n «lir< < 

tion normal to the surface being machmeil. 

3. Speed of response o) a system Tin* index determines the duralmo of . 
siven transicnl proCTO «n.l i- u.».Mly l.y U.r U.n.. r,.r|„,r,..i l.y 1.' 

proMS. The sppEil-ol-n''P»n« ” P'"'"""-'! I>y rril>fr.i 
service lilo (diirabilily!, prielncuon capacity an.I the rn.isi.ilii.].'. el the 


energy io*scs , , . , , , 

In the following, all mdiro* of dynamic performanre of rnarf 
toms are illustr.iled by example* concerned mainly w,ih niarh.m 


tool *>• 


I8~e39 
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12-2. Dynamic System of a Machine Tool 

The dynamic system of a machine tool constitutes the aggregate of the 
claMic sysfcm— tlio machinc-fixture-tool-workpiece complex _ (MFTW com- 
plex) — and the irorking processes occurring in the movable joints or associa- 
tions of tlic components of the elastic system (cutting, friction, electrody- 
namic, hydrodynamic and other processes). 

In machine tool operation, deformation of the elastic system occurs under 
(he action of cutting forces, friction forces, forces developed hy the motor, 
etc. For the sake of clearness, all the factors ivhich affect the elastic system 
can 1)0 represented in the form of a diagram shoivn in Fig. 183. The elastic 
system and each working process affecting it are shown in the diagram hy rec- 
tangles. Force effects and the deformation they cause are represented hy 
arrows. Such a diagram is valid for the case in which the deformation of 
the elastic system docs not lead to variations in the magnitude of the force, 
its direction or the character of load application (in other words, when the 
force is not a function of the deformation), i.c., to variations in the co-ordi- 
nates or the laws of the variations (the first and second derivatives of the 
co-ordinates of the system with time). 

In this case, tlio forces acting on the .system are o.xtornal in relation to the 
system and can he constant or variable with time. For example, if some 
force varies according to a harmonic function, the clastic system ivill begin 
to execute forced vibrations. 

In many cases, however, deformation changes the relative positions of the 
components of an elastic system constituting a movable joint (or association) 
and thereby changes the conditions under which any working process pro- 
ceeds. This loads to a change in the acting force itself. Let us consider several 
e.xamples. 

1. Tlic elastic system is deformed hy the cutting force. This deformation 
alters the relative positions of the workpiece and tool constituting the movable 
association in wliich the cutting process occues. As a result, the chip thick- 
ness is changed and. xvilh it, the cutting force. 

'i'his change in tlie force affects the magnitude of the deformation, etc. 
This can bo readily observed in the example of a lathe. 

2. The elastic system is deformed by the friction force. This deformation 
changes the relative positions of tlic ram and guides constituting the movable 
association in which the friction proce.ss proceeds. .A cliange in llie normal 
load (normal contact deformation of the friction surfaces) loads to a change 
in the friction force and. consequently, in the deformation it causes. The 
cinle of interaction lias closed hack on itself again. Tiiis can he exemplified 
hy a saddle traversed along way.s by a .screw. Upon misalignmont (cocking) 
of Ibe saddle duo to offset of the rc.sultaiit of the friction forces in respect 
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Fig 183. BlocV'diaeram of an fHii- F«g JS' l!lorl..l(jjrfln of a eJrr*.>,l 
Circuit d}'n8fnic 'I'lcm of a ii».iniin« circuii dMiKiijr ft « rurhiro 

iuni I, Ml) 


to the screw axis, a friction lorco h ()c^(■)oprl] on the sidt* .«iirfacc< of the 
ways. This force \afies with (he %an.‘)(ion in the lieformation of the .«crcw, 
its supports and drive 

3. Ttic elastic sjstem i' deformed by the torque of the electric iiinlor 
This doforrn.iiion changes the selocity of reJatne motion of iltc rotor and 
stator constituting the luoxable .'•'«ociation in which eleclronmgnelic pror- 
cs«e> occur. 

Ill a motor with a droopmg-speed cliamcteristic the mol in c force ftorqm ) 
is Consequently changed 

With this change in torque, the deformation of the ola^tir ‘ ' • 

speed of motion, is changed, etc 

The forces acting on the ola^tic system tn tbo cx.imptf^ t-n »'o In /'■ ‘ 
be considered e-itcrnnl, since they vary with Nariatioii’* "i ilt* 
of the system. The diagram in Fig 183 showing thi' .n (sl 

clastic sjslcm should be repjaced by another di.igr.i(ij "" ,,,, ((.••• 

in which the clastic sy«tem has an in\tr»e cfr»<' "o 

and molor procpssc'-. etc . also .«howii bv arr-*"- I' ./j.h*’ 

interaction of the ela«lic s>steiii with irurli.i f > • ^ , 

should also bo taken into cuii«iderj(ioii __ ' ,. ' 


The remaining forces, not dependent np-^r 
system, are external in referenre to ihi' '\''- 
system IS shown by the arrow f f/t lo " ■' ' 
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Processes in 
tfie motor 


Elastic system 


I Friction process 


Elastic system 


-1 r 


\Cuttiny process ■ 


Elastic system 


\ Friction process 


Processes in 
the motor 


iFriclion proccs^ 


■ Eutlino process Enuiralcni clastic 
I!—. J system (FFS) 

Mechanical system (MS) 


Processes in 
the motor 


• n.echanical system (US) Equivalent clastic system (FES) 

I’iij. 18'). Simitlifii’d lilork-dingram.s of a clopcd-f.ircuil. dynnniic system of a inadiino tool 


inorlin forces of iinlinlancod rolaling components or of reciprocating units, 
forces due to the weight of the units and forces due to iinpacis and vibrations 
transmit led from outside through the foundation or originating in the sys- 
tem itself because of inaccurate meshing of gears or other errors in manu- 
facture of the parts and their assembly, etc. 

Giianges in the chip cross section (actually the cross section of the nnde- 
formed chip), interaction of the friction surfaces or in the rotational speed 
of the rotor, etc., i.o., variations in the conditions under which the working 
processes proceed, may occur, not only as a result of deformations in the 
elastic sy.stcm, hnt also from external causes (increase in macliining allow- 
ance. variation in lubricant prossnro. variations in voltage, ole.). These 
exlcninl effects acting on liio working processes, which we shall call changes 
in adjustment or setting, are shown by arrows y (/) in Fig. 184 referred to 
the corresponding elements of the dynamic system of the inacljine tool. 

The elastic system and (lie working processes— culling, friction and proc- 
esses in rriolors— are I lie principal elements of the machine tool dynamic 
system. The interaction of tlie elements on each other are called llie linkages; 
a train of such interaction is called the linknyc circuit. A linkage circuit may 
he eitlier of llie open or closed type. An open linkage circuit is shown in 
Fig. 18H and a closed one in Fig, 18'i. 


i lie (iynamic system of a machine tool is a complex mnlliplo closed cir- 
cuit system. In application to the throe types of problems mentioned in 
Sec. 12-1. it proves coayenicnl to replace such systems with simplified oiic- 
cirruit systems shown in Fig. I8.n. 'Inking advantage of the fact liial the 
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Fig 18(. Illdfk (liacr.im of a n.athirf J>nainif f.-f michinirg '.Img rlatUr 

piarkv" In grindins 


working pn)CP«'W {ciilliiig, Inction. otc ) iiilrracl onI> tlirmiirli the cla«lic 
system and li.ivc no other tii(Mn<i «I interaftion, tlie clfl«iic system tecether 
N\itli a part of the \\orkinj» processes can be replaced by n certain element 
whici) is cqui\alcnl jn r<-'pect to dynamic properttrs. Tlii« element inn> 
be oUljcr mechanical or another eqnivnteat elastic synom The dynamic 
cliarnctcri^Uc of such an eqni%a!cnt element should ho dclernuneJ uitli 
ncconnl taken not only of the ela«tie system, bm of the workins proce*««-« 
included in the system and ibeir interaction with the elastic ayiietn. 

A feature of machine tool dynamic systems Is the po'^ildlity of motion 
of the components of the elastic sy-lcm “abm" chatter marks*. Such, for 
example, is turning with a straislii-turninj; tool, RriiiJuiR with repeated 
passes, etc. In this case, the dynamic system is mollified* a supplctneniary 
delayed feedback is added. Tins means, for example, that tlic deformation 
of the system, taking Uic form of w.-i\es on the surface of the workpiece being 
machined, i« fed back into the system, after one reMilntion of the work- 
piece, as a change in tlic thickness of the layer of stock being remoxed. 
Sliowii in ITg. IbO IS the diagram of a system wiili two delayed feedbacks* 
in respect to the grinding wheel wlitcli wears in tlic course of operation and 
in respect to the workpiece being ground. 

In the following, cases of operation '‘witiioni previous chatter mark'* 
and “along chatter mark'* will be considered separately. 

It should be noted that parli of the principal elements of a machine tool 
dynamic system comprises a complex system which is rcxcaled in analysing 
the processes proceeding in these elements. The elements of a dynamic system 
may he either stable or instable. It is in this sense that tfic inficrenlly in«t.ihJe 
elements of a system are nicntionmf further on. 

We shall call a physical quantity, describing the action on the gixen 
element or system, tlie input ®f ‘^'fement or system, the ri*'"'i 

of the action— the output ce-enfina/e. For instance, the mpul co-ordimii' '•! 
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DYNAMIC CAI.f.PLATIONS AND ANAIA’SIP 


IN MACHINE TOOL DESIGN 


ail clastic sysloni is liio force action while the output co-ordinate is the de- 
formation it causes, _ _ ri- 

ll is not liy chance that the idea of the closed-circuit nature ol machine 
tool dynamic systems has heen treated here with .‘^uch emphasis. It is duo 
to the highly e.-isential difiorcnce iu the dynamic, properties of closed- and 
open-circuit systems. 

riie main differences between closed- and open-circuit systems arc. 

1. .An open-circuit .system coiisisling of instable clcinculs is iuslablc, 
one consisting of stable elements is stable. 

A closed-circuit system, ou the other hand, consistiug of stable elemouts 
may turn out to he mstnhlc, and conversely may turn out to be stable even 
when it contains inslahie elements. 

2. A closed-circuit .sy.«lem reacts or responds entirely differently to external 
act tons than open-circuit systems do. 

Kxnrnples illustrating these propositions follow. 

’I'o provide convenience in their analysis, dynamic systems can be dis- 
memlicrcd. “disconnocling” the linkages between the elements. If one of the 
linkages is disconnected, the system is called a disconnected sj/ston. If both 
linkage.? of an element arc disengaged, the element can bo singled out of the 
.sy.«(em and considered separately, investigating the relationship between 
llie input and output co-ordinates. 

The properties of an element of a dynamic system or of a chain of olc- 
merits const iliiting a di.sconncclcd .system arc dolcrininod by the relalion- 
sfiip hot ween the input and output co-ordinates of the olcnienl or sy.slom. 
We shall call this relationship the characteristic of the element or syslem. 
If it is obtained under the conditions of a stationary process, when the input 
co-ordinate docs not vary with time, then the characteristic will bo static. 
Ihe same relationsiiip. olilained in liio case of an action liiat varies with 
time, will be a dynamic characteristic. 

ilea! cliaractcristics of elements and systems are nonlinear as a rule, 
for evample, (ho sialic, characteristic of an clastic system, i.c., the relalion- 
-iiiii! of (lie dofonnation of liio elastic system of a machine tool to the acting 
force? is expressed by well-known loop-shaped curves. To simplify analysis 
the cliaractcristics are linearized, i.e,, proscnlcd in the form of linear diffei 
eiiiia! equations. If those eqnalions are wrillon in operational form, ll 
dynamic charactc'rist ic is called the tran.sfcr function of the eleinct 
or 'system. 

* >f convenience iu calculations is tlie so-called frequency dynamic char< 
(‘‘ii^ttc, delerminef! under conditions of variable input co-ordinates w 
iimi' according to the law of Iiarinonic o.'^cillatiori. 'riic frequency of i 
O'l itlaiion varies Ihcoretically from zero to infinity while practical! 
\aru“-> within the limits of the frequency range whicli may interest us 
which IS calk'd the worliiiig range. 
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Tlic relationship ot 11, c ratio ol 11,0 amplitudes ot oicillallnn ol 11, e output 
anu input co-ordmales to the frequency the c^in-frrqucncy character- 
istic; tlic rclalionship of the phases of oscillation the pha«e-frequcncy 
characteristic. The combination of thi«e t«o charactonstir? (in coinplci 
co-ordinates) is the gain-phase frequrney charadensUe (GI'FC). Tliere are 
also other types of frequency characteristics (real, iriin«mar>. loj, itc.). 

Ihe ratio of the output to the input co-ordinate in an ela*tic sjsicin, writ- 
ten in complo.t form, is called thcdynamlc unit d^[lecllon w hilc the ffcipfi'r,il 
of this ratio is called the dynamic rigiditij. 

The so-called timo-rc3pon«e dynamic cliaraclenalics, obtained for a chen 
law ot variation of the input co-ordinate with time, are widely .applied. In 
most rases, a stepped \oriatiun of the input co-ordinate, from one steady 
value to another, is taken. Ilotli static and dynamic characteristics can he 
represented either graphically or analytically. Cliaractori«tics c.in he con- 
structed tlicorelically and oliiained cjperimentally. In plotting the ch-irac- 
tori?lic from experimental data, the selected \ariation of the input co-ordi- 
nate IS produced by a special device and the corresponding \ariatioti ot the 
output co-ordinate is registered For example, in determining the frequency 
characicruslic of an clastic system, the input action, subiilituting for the 
force of ciitling, friction nr the motor. Is produced by a vibrator, .and the 
deformation, in the direction that we arc intcfestej in, is registered by some 
kind of displacement or velocity pickup 

Using amplitude and plia«e meters or recording the variations m force 
and displacement on .in oscillogram, and then .siiit.'ibly processing lhr«e 
data, the frequency chaMCicrislic is plotted. 

Static and dynamic cliaractcrislic.< of an elastic system and the working 

processes are given in Ihe following. 

The concept < 
the one found i 


a machine tool 

of the machinii.b - , J 

concept provides clearnco and convenience m analysis, results are olitauicd 
in a comparatively simple manner Tl.o Icrminolosy, mans iJcaj an,l tlic 
methods of analysin" problems of machine tool dynamics have heco adopted 
from automatic control theory nliosc proUems, as our analysis ol systems 
shoves arc very dose to the problems ot macliinc tool dynamics The Itinda- 
mcnta'ls ot control lliccry can ho fonml in the correspomlin; literature 
The interaction hclnecn the elastic system and the ssorkins processes 
is accomplished, on the one hand, throuni, the lotces initiated by the oot^ 
int' ptoewscs and. on Ihe other JianJ. Ihrouitli the parameters ot the processes 
alleaine Ihe larialioii iii the forces and beinn chanped upon deformation 
of the clastic system These paramelem ate very numerous There is aLso 
a Croat number ot components ol the resultant force ol any uorlinc process. 
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Tliorcforc, it becomes necessary to select the most essential of them for 
flermile conditions of machine tool operation. 

Experience show.s that the variation in the cutting force is determined 
primarily hy the variation in the cross-sectional area of the nndeformed 
chip. In thc\isnal case, the area of the chip cross section varies to a greater 
degree when the thickness of the chip is varied than when its width is varied. 
Thus, as a first approximation for large and medium nndeformed chips, 
tlieir thickness can ho taken as the parameter determining the variation 
in tlie cutting force. 

In case of small cross-sectional areas of the nndeformed chip (light chips) 
and the presence of a worn area on the tool flank, the variation in cutting 
force is determined to a greater degree hy the friction on the tool flank which 
depends upon the contact deformation of the workpiece surface in a direc- 
tion coinciding with the direction of the nndeformed chip thickness. Tims, 
the linkage heing considered hetween the cutting process and the elastic 
system is determined, as a first approximation, hy displacements perpendic- 
ular to the cutting surface. 

Comparatively small variations in the nndeformed chip thickness change 
the position of the resultant of the cutting forces only to a small extent in 
many cases. 

It can therefore he assumed as a first approximation that the input co-ordi- 
nate of tlie elastic system in respect to the cutting process is the resultant 
cutting force, while the output co-ordinate is the deformation in the direction 
of the normal to the cutting surface. In considering the cutting process, the 
input and output co-ordinates are interchanged correspondingly. 

The friction force, in the case of contact of ruhhing surfaces, i.c., for the 
conditions of dry (in the conventional practical sense) or boundary friction, 
is determined hy the variation in the normal load or, in other words, tlie 
normal contact deformation of the friction surfaces. In many cases, charac- 
leri'/.ed hy a slight dependence of the coefficient of contact friction on tlie 
load, the resultant of the friction forces varies in direction to only a small 
extent upon variations in normal contact deformation. Therefore, it can 
he assumed a.s a first approximation that the input co-ordinate of the elastic 
system in respect to the friction is the variation of the resultant friction 
force, while the output co-ordinate is the deformation in the direction of 
the normal to the friction surface. In considering the friction process, the 
input and output co-ordinates are correspondingly interchanged. 

I ho force or torque developed hy an electric or hydraulic motor is deter- 
mined primarily by the velocity of relative molio'^n of the rotor and stator 
or piston and cylinder. Hence, in many cases, the input co-ordinate ol the 
elastic system in respect to tiic processes in motors is the force or torque 
developed liy tiio motor, while the output co-ordinate is the variation in the 
velocity of relative motion of the components of the elastic system (rotor 
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nm! gtalor or pi«ion and cylmdrr) »hich i« dttemificd Ly ilo dcfortt aiK 
of rhesjslem. Jn cnnoidcnn? the «orhJnir procf«.r- jr, noior^ f/'lfctr,)rra''r..- 
|tc. hydwdynamic.ctc ),lfietnp»t ando«(p«Jt co-ordinate* arr cf.m-p.-iu'if" 
ly mlercfinnped. * "■ 


Aocq. and Kydcodynatmc pr»«rp*-«es, a* a, eleclroirasnctir pr../T<.f- 
can nccnr nl nthrr parts of a irachinc lo/.l ht-idM motor. They an- foond 
m sfidinir friction hcariRK?. slidcwaj's and cortnin other jpoc/al d.vicr*. 
In Ifiege ca«e*. a.i for the irore complet dynamic »y«te;n* of /racldne t../-i* 
the input and output CfbordinaU? of the eJcrrtnt? are dcferrrinfd on the 
basis of special onalysi'*. 

When the direction or point of application of the re'uJlant force fd •-.fi- 
working proce^.. |.i chan^rd il pfute* cen^enirnt In j.’n o\er to M-p^ralt- 
treatment of it« normal and tantrondaf components. The dtprridf/ire of 
the normal component on the flhovc-mcntione'i deformation* of tin* «svipm 
along tiic norma! to the ciittine or friction .surface takes the form of the 
rigidity of the mo\ahlo a«sriCiation of the eKrrt-nts of the ela<lit f>st<m. 
Thus we ha\c ‘‘cutting rigiditj'. “friciion ngiditj', ‘•luhr/rant him rSrld- 
ity", etc. 


f2'3. The £l»ile Systen 


Tlie elastic s>«tcm indudts the tearhine too}, f.tture. rutting tool mid 
llic worl'ptecc The «>stem ha* an inlm»tel> lanrr mimler of (Ifgrei-s of fn-e- 
ilotn am! can only he c«in«ider-d approtiioateh as a sysirni v-ith sewra! 
degrees of freedom 

The inherent in«taliilily of tin- el.i«lic «>sier» tn machine touts H h'urid. 
practically, in the followtm' r.a-*'- 

(a) in marhining wurkpiire* r*»r.*ting at a «pec.l ne-ar to liie critirnl sp'«d. 

(h) in the opcMtion of a !i.ng thm ecn»r.iih pwlioned tool ftv,i>t .Iril! 
core drill, etc.) or in machining long marhir.e tooj p.irt* (“crew.* prlun rod* 
etc.) under conditions .d hmVhng 

(c) in machining thm waU.d pari' or when ihin wallcd p.art« arc wM m 


the iracliinc tool 

In practical analysi.* ami ra!ful3ti»ns it her-.mr-s nerr-’ar} to r*- rl 
to the conception of cqin>.»tent vlen-cni' •>) the e!a*tic Bud ntrhamnl 
S).stcn'S These sy*len.3 tnrltide a C”a« numlrfr .d moxahle a««oriat)"U» «r 
joints of the components in the trarhino l.^d ®>'iccn fhspiarcfrrnt 'f tl'* 
slides tallies. hc.ads. fir m Iho ««n'e <d traid nqutnd to Pfrorplnh 
the cKen processing opiration takes plare along tl.t^e joint* Fneliou ard 
other MOfking pr..re-ses a* metilioned above have a %pry preat e.tct 
tfie stability of the .«y«tem and on its sialic end .tjnamir chararlcri*iiCT 
Conditions arc rre-Ued h-r the init).Mi..n «f iR*tahilMi whiri. m thi«e r 
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is maiiifeslod as self-axcitofl vihralions of the Iraiisniissions, bearings and 
like inovalilo assorinlions thal were included in analysis in the cquivnlcnl, 
(dastic or inechanicai syslom. Tliese sclf-excilcd vibrations arc usually coin- 
eidetil with the btreed vibrations caused by errors in the manufaclurc and 
as^etnbiy of the parts {runout <tf pulleys, local thick places in ))elts, back- 
lash in gearing, waviness in the races of antifriction bearings, etc.). 

Similar cffecis are also observed in the supporting system upon the travel 
of slides, crossrails, heads, etc., in the machining process. In many cases, 
other pnici's.ses in movable a.'-sociations, such as processes in motors, play 
the same role as friction. 

in designing and developing a machine tool, li.xturo or cutting tool in 
iiclnal practice, efforts are always made to eliminate all kinds of instability 
of I lie elastic system by getting out of the zone of critiiail rotational speeds 
or buckling conditions, and by creating conditions for stable travel of all 
units and parts of the machine. 

The characteristics of an elastic system are determined by the following 
principal parameters; masses or moments of inertia of the units and parts, 
rigidity of the (dastic (domenls, forces of nonclast ic resistance (damping), 
and links hetwocn liie disiilacements of the masses in a system with many 
degrees of freedom. 

i'he use of units and parts with large masses ami moments of inertia leads 
to a reduction in the natural frequencie,s of the system and to an increase 
in inertia loads and tlic duration of transient processes. Ciiangcs in the mass 
ami momenl.s of inertia in machine looks are usually a.ssocialod with change.s 
ill ilie elastic ju-ojieiTios of tiie construction. Tims, for instance, a reduction 
of the mn.ss of a column due to a reduction in the thickness of its walls or 
alterations in its configuralion. inevitably leads to changes in the rigidity 
of the column, fly selecting a rational .‘shape and adding stiffening ribs, 
a ct'iTain roiluction in mass can he achieved without reducing the rigidity. 

itigiiiily is deruied as the ratio of the forces causing deformation to the 
magoitiulo of the latter. It is frequently more convenient to use the rccip- 
rmal of rigidity whicli we have called the unit deflection of the elastic 

.S\ >-tl [1,. 

I he doformahility iif a machine tool elastic system depend.s ujion the rigi- 
dity of the components, the contact debirrnafion in the joints holween the 
Components and the local defornmlions of the clemeiits of the construction 
which ,'^erve to form the joint (various lugs, slrijts, feet, etc.). 

nepciiding upon the size and configuration of the component (shaft, bed, 
Column, headstocl:, etc.) and its joint willi the mating component, the mag- 
nitude and relative signiticance of any one kind of deformation in the general 
deformation of the .-y.^lom may vary in a wide range. A proper tisso.-'smen 
of Hii'i fact is importaiil in choosing a method of increasing the rigidity o 
a coiislniction. 
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ol >ioncl.istic rpi.-iaiitc or the lu a macJ.inf 

tool ore Octormwcfj momly i»5' tho fnctton in the ]oin{5 nf B«aoc(aUynt of 
llic componcnls. If {|,e components formiue a imnl do not li.nxe a cnon 
relative motion in tfio ca*e llciIl^r mnsidered, and rclnlt\c diMiIarcim nt 
occiits only ns a r^iiJt of deformation of tliesjsfffn, thclncUon 
damp tlic vibrations, di«sipathic a part of tlie enerjry inlrodnecd into ibo 
clastic system when it is loaded. If ihe i;h-en motion or traicJ exisis. ijte 
danipint' action of friction is deterrnined by the dfjrree of st.ihilily of the 
«7rrospondin? sj-gtem In (fus ra«c. as a rule, the friction forct-« tnfrt‘.i«e 
the amplitude of forced vibrations of tfic sj'stcm s\heii it is •iib;o*led to 
external actions. 


A damping effect is nl\va}s m.'iuifesleil by the forces of “\isfoi;s" friction. 
i.e., forces proportional to the selocity, Siich "viscous* friction may be 
ovidonl, not only in a viscous medium, lor etamplc, a lubricant, but in 
joints With dry friction 

The larpc and. at the same lime. oppo«inj? in its effect role pfa>cd l>y 
l!io joints and associations nf the maclimc tool components in danipintr the 
\ibfation8 of the elastic system and in its deformabilily, subsiaRlially com- 
plicates the problem of nheiber it is etpedient lo rliminaie or i/iJrodun* 
n certain joint The introduction of a new joint lowers the nffidily of Iho 


construction m comp.iri«on with an inlettral construction (me withoul the 
jjivon joint) but. at the s.ime time, increases tho damping effect. This may 
Inrn out to bo more f-'.sential from the poinl of view of eliniinalfni; vlbralfon 
in machining and <>{»lflininj tlie required surface finisli on the workpiece. 
Tills explains cases sometimes encountered, in which vibration in cutlin:; 
IS eliminated by loofecurt^ certo/n loinis hetooen the units of a machine 
tool. For example, in milliiiij a workpiece in a heavy planer-type milhnj; 
machine, vibrations appeared even iiiuu?b all joints were drawn up lisbl 
in order to increase tfie ricidity of the system Thus clamped, in particular, 
was the joint formed by tlie millmc head and the hoH«ins ways alone which 
no units tr-ivellcd diinn^r the iniJhng process Vibrations ceased after un- 


clampinj; the head on tho w.i>s 

The most important feature of an elastic 5j*tem. eiirtitnc from tiie fact 
that it has so manv desrees of freedom, is the interdependence or intcmda 
tion hclwcon tho dcform-vtion of the various elements or between the Win^ls 


of Ihfse deformations 

Tins interrelation ii manifested by the fact that .in attempt i- {.nrOtiM 

.1 certain deformation by means of a j»iven force will le.id, js .•» rule, to 

ec or other deformations Tlius. for instance, the bemlTnir of liu' w. rt pi, , , 
by the .action of the cutting force is ncri'*'sarif> acrorripJ/n*-d !■* i*- 'w i-' ’*’- 
since the direction m which the cutting force acts n-.t , ''n' ' 


the axis or centre of the workpiece 
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FJri‘-'lic. Vf'ifxily .'iri'i inorlia links aro fonnd in tisc oia^tio syslftni of a 
tnachirif- tofil. Tho fonliiro.-- of those liiik5 are treated in detail in a hlndy 
fonr.'*- <'ii vihr.'ition theory. 

In a. '=0.0' in" HiO irinuf'nce of tlio link!" hetv/een liiC deforrnatiori5 of an 
ehi'-tic Fv^tojn oti the (Ivnarnic piT'Cfsfe?. a very isnportaiit factfjr i? the 
nearne-s of the frof]>:eiieie= of the ititeractiii" vibrational sy.^terr.f. called 
partial ?yite!r!.‘-L corre.'^pondinir to each of tiie linked deformation.*^. If the 
frcfpmrici'i - of free vi},ration.=; of the partial fv.sten..*? are Jiear to each other, 
tlion even '.vitii a wen!: link Im'twcen thein the interaction of the.**e .cy.'^lon;.*^ 
turn.** out to he very rtrori". 

\ rpf'cial torn] “internal resonance" can ho found in literature on llii.*; 
mi!ij<‘C!. It deruie*; the decree of coincidence of the freqncncie.^ of two linked 
partial vilmational .-y.'lenip. For e:-:aniple. at a definite dian;eler-to-k'n"!h 
ratio of a Inmincr har. internal resonance nsay he sot up Ijetween its flexural 
and torsional vihrat iori.*-" . 

The characi eri.**! ic' of an ela.^tic system are deterrriined as the ratio of 
the disjdareinents. representing: reverse action of the defornmtion on the 
’.vorkinp proces.**. to tlie O-Tternal forces stihslilntin" for the forces of the 
v.'orkin" ]irores?f-s. For inslnncc, the cliaracterist ic of the ela.=tic sy.‘=tenj in 
rC'pect (o tiio ruttii!" process is determined as the ratio of the displacenient, 
norffia! to the cuttiri" surface, to a force which imitates the ciitlin" force. 
If! re-pec! (n friction, the characteristic is determined as tlie ratio of the 
di.'filacerncnt. nor.mal to the friction surface, to the force which imitates 
the full reaction of frictiem for. in takirn: “friction rictidity" into account, 
to it' Innycritial rur.'ijjonent). In nnalysin" proce.=.'es concerned with sloppint: 
in a ruov.ahlo association (reia.Aational self-excited vibration, etc.), tin 
ratio of tlse tangential dir-^placcnnenl to the lancrential component of th 
ruttiii" ‘)V frirtidii forces is also del erniined. 

Fractiraily, in machine too! annly,si.s or calcnlalions. the cliarncterisl 
of t!if equivaloril elastic system fFifS) or of the uiechanical .sy.'^tern f.M 

iS Hi'.f-.-i leatcij. 

‘is an ei.;i!!ipie. v.i.* shall con.‘^ider the characteristic of an equivalejit ela.^ 
-y-icn! HI re-pert to tiie cuttiii" process (a problem of the tliird type) 
s'unewlmf more detail. The dynamic ch:ir:icleri.stic. of the EF5 i.*; determi 
Hi thi' c;;-e iipun variation fd the external force, imitaliri" the ciitfuie fo 
■>' it!i liire* in ac>'f)rdaiice with some law. '1 he dynarnic f;h a ract eristic fdvr 
!<■ utiH deflection or its reciprocai— riqtdily) of the EES is delerm 
•-i!!i* r hy caiciilatioii.'-' fir exjterimentallv. 

Metljo'F of calculating the dynamic ch.aracteristic arc heint; <leve 
nmre mid !:,ore at tlic ytrc-sejit lime in Cfiiinectioii with the riece-.'it 
ttjf. '.(rihility and other cfiaracteristics of dvnamic perfor 
of a ma.'imie tool in the de-^iirn stnoe. The calculation of the characl 
in f!ie frequency form con‘*is!‘= in c.alcolatin" the forced vihrations 
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CCS under llie nctinn of n force imitalin" ilic ciitlin;: force and Nariin- 
according to a liarnionic f.iw. *■ 

Difriciillirs in these caiciiIahon« arc a««ociatecI ttith tlie compli \i(y of the 
inulliple-mas? sjstom of a rnaclune tool, tlie iieci^^'Jtj for tnkjiii: into nreonnt 
the action of ttio v,nrkiii" proce'«c< includcil in the IM'S (friction, hulrcr- 
ilj’namic. etc.) and llic coniplic.alions m determiniii? llie parameter-* nf the 
aystem (rii^iditics, danipin", etc) 

At the present lime, the calculation of tlie djnainic cljnractcri»l ic of tlie 
EHS has become posubfe diic to the a%aif.-»fiitity of electronic fompiiirp. 
in research and design institutions 

Calculations arc earned out alnn? the lines «f present -da> \ ihralnui theorj . 
taking into account the interrelation of the partial \ iliratioiial 
dampins in the fixed and moxalile joints and associations of tlie marhine 
tool components, etc Tlie choice of the nunilier of deitrces of frei'rlo-n in he 
taken into consideration is determine*! hy the complexity of the «j‘tcin and 
by tlic workinj* ran?c of fretiuencie'. The gencralircd forces nloii" Ihe corre- 
spondmK co-ordinates represent the action «d the workini; proee*-.i-i on the 
clastic sy.«iem These forces, except for the one accepted ns tlie input co-or- 
ilinntc, using the dynamic characteristic of the correspoudiiiff proccs*i‘s, 
can be represented in the form of eniiaiions. expressini; the dependence of the 
goneraliscd forces on tlie ccneralin-*! co-ordinates and their dernntises. The 
coefficients of these equations are added to the coefiicieiils of the I’quatinus 
for the elastic system As a result, we obtain a s>«tcm of equalioii'i wliicli, 
in form, contains only a «nntlc ffeiicralued f.*rce Tin* cencr.ili/eil force 
IS either tlic input co ordinate of the HCS or one of tlie external actions on 
this system tlial wo are interested in (in this c.ase. the input action i- equated 
to rcfo). Tlic s>stem of equations can he written as 

< ftifi ‘■•-'/r 
fl.-i'/i rfl2:?2 : 

CzifJt ‘■rr'/-' 


*1:7: • • • - 

<‘is7« A,<>, 

- b_n7n 


+ » Orn'l’t • I'nn'}’, ' 1 

• c„1, ■ t.* 0 I 

where a,, o- . . . 9, ~ gcner.iliied co*onliiiato:» of the sj'-tem 

' ' Q = input (or external) action on the equn.ilrnt ela-tic 

.system 

A-| and A- ' coefticienis for the components of the action along 
the different co-onlinaics 
a,j, bij and c,j - consUuls of the equations. 
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if Q - Qp sin wf. in accordance willi Uie definition of the frequency dynam- 
ic cliaracterislic, then it can be calculated by the well-known method used 
to determine the forced vibrations of a system subjected to the action of 
a qiven external force. 

The solution of the sy.«tem of equations (221) can be written ns 

=-Qi it ( 222 ) 

i-.t jN-I 

from which the transfer function of the equivalent elastic system i.s 


If 


j;i:s 


n 

y-.-y, 


^nitt t 

<?ir. ~ 


(223) 


where D -- principal detorminanl of the system of equations 

M corresponding alqebraic complement to determinant D. 

As an example of the calculation of the dynamic characteristic of the 
eciuivaleul elastic system in respect to the enttinp: process, we shall consider 
the desiqn of a shaper. The desiqn diagram is shown in Fiq. 187. 

On the basis of available experimental data on the modes of vibration 
of the shaper in the working range of frequencies, the system is represented 
as one with eight degree.s of freedom. We shall examine a shaper doiri" groov- 
ing operations. In this case, the elastic system can he assumed to he plane. 
Since tiie feed motion is accompli.«hcd between working slrokc.s, the joints- 
and associations of tiie table, rail and column ways, as well as the otiicr 
associations of the feed mccliauisms are fixed. .Analysis shows the absence. 
a< n first approximation, of significant relationship liclwoen (ho longitudinal 
and transverse displacements of the ram. Therefore, longitudinal displace- 
ments of tlie ram, i.e., displacoinonts along the Z axis can he di.sregarded 
in calculating the output co-ordinate. Tlii.s enaMc.s the analy.sis of the movable 
association between the ram and its guides and that of movable nssocinlions- 
111 the drh'e (rain of the shaper to he excluded .^ince these are closed-circuit, 
systems, 

i'iins we obtain (he simplest analog of the elastic .system of the shaper. 
The absence of any significant effect of column doformation. as has been 
experimentally established, enables the elastic systems of the rani and table 
with tlie rail to be considered as independent systems whose deformations 
arc added together. The system of equations for ram motion is of the fonrlli 
order; (he system for the table with the rail is of the twelfth order. Fig. IS.’ 
shows the frequency dynamic characteristics of these two sy.^tems and Ih 
total gain-phase characteristic of (lie equivalent elastic system of the shaper 
'I'lie calculation^ were carried out in FM.MS. Details concerning (he calci 
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hition of llio parnniPtor.' of llio system nnd the frequency characteristic are 
lii'iiil Nvilft in the Avorks of V. Kudinov and IK Nikitin. 

In many cases in analysing complex equivalent elastic .systems of machine 
tools, it proves convenient to chancre from randomly selected co-ordinates 
to the so-called normal co-ordinates. Tiiis operation, i.e., the conversion 
of the motion equations of the system, is called normalization. 

The displacement tiial is of interest to ns is obtained hy adding loKelhor 
the displacetnents aloni' the various normal co-ordinnlc.s. Indopondcnl equiv- 
alent elastic systems, iiavins equations in normal co-ordinates, cun he 
represented as siqiarale elcinenls of the .system. The equations of these sys- 
tems ar(! of the second order. As a rule, they are vibrational systems. Their 
characteristic (transfer function) takes the form 


IT 


m.s 





t ip - -!• 'hP -r 5 


(22d) 


where A' ‘ rcdiicod sialic characteristic (unit deflection) of the (tiven 
normal form 

7', inertia time constant of the "iven normal form (rocijirocnl 

of the natural circular freipiency w,,) 

7'o v^i dampinq time constant of the normal form 

V ~ dninpim' ratio 

7. • loearilhmic ilanipinj,' decrement 

f} 

n differentiation svmhol 

P external force (input co-ordinate) 

1 / ■ deformation (output co-ordinate). 

A< a wliole, the eqiiivaloiil elastic system can iio represented as a system 
of elfiumts connected in parallel in which tlio input co-ordinate is the same 
(•tree and the output co-ordinatesaroadded lotrolher alt'chraicaliy. A dinoram 
of this system is shown in Fiq. 18.!. <_)f especial interest is the case in wiiicli 
(he ciiaraeleristic of at least one normal form has tiio minus sion. If in sum 
mimr up the train -pliase frequency characteristics with a siu"Ie sitrii, the fu! 
char.icteristic of (lie EKS cannot cross tin* negative real axi.s (the chara 
teri'-tic- are considered to he positive), then in this case the full chnraclerisl 
cuvers hiur or more quailrants and cro-ses the neirative real axis. Fitr. T 
shoA- (he summintr up of l!ie train-phase and real frequency characterist ' 
of two nnr.nal forms for both casits. 

rie- .iliempt to simplify calculations ju«ti!ies the ciiatnre to liio simp! 
tyS'c of sihraliniial sysleni with one or two deirreos (»f frei'dom. Such a f 
vc.-snm I- fio-mhle in cases wlien the characteristic of the FkiS. in the 
qu'cicy ramre lliat interests ns, can ho approximated hy one or the sum of 



riu. 169 Block-di.ipr.im and Rain i'Jijt lrp<jucnc% ciiararicrlMics of Ihp HTS In normal 
to oiitinatc* 

(o) bU>cV-(ll3CT3Tn of llir {‘I nrrmin; <11 rhararirrMIrt »llfi Ihe i»mp Htn f'l lumnln* 

,iv cna»rtfn<fl « la»ins dlff«Trn« tfcn* 

cliarnclcri«tics of tlip -ecniid order i e clinraclrri'tic' of lln- rorrcspoinlinir 
normal form? 

As menliotiod nlioM’ a force ».«r\ins; arronlim; to a ijnrmonir function 
produced liy a Ml>raior wi*en llie {r«|Mcncy d\nnimc cliaTafteii<nc« are 
determined e\pcrimentall> 

A simple melliod i? ii'od to oiit.iin stepped %nn.iliiin of tJie force It con- 
sists in rapidly remo\inj: llic forra*. imparted by a weiclit lianirin" on a wire 
or strong cord, by severing the wire or cord 
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A If-iul i? j.r.nlucffl nt the jin'.-i-nt time l)y a ^uflicieKtly primitive 

iif’thf.il— a liamjner blu'.v or a falUeu wciahl. 

i'hf' rea.liim,' of the force ari'l dippiacomciit pickup.' are either recorded 
l.y mean.'f of an f»>cillo2rnph or arc noted dovsTi from the reading? of special 
instniinents. 

A determination of tiio mode of vibration turn? out to lie very useful 
in atialy.'iinz tlie ro\e.' played by the various units and parts of the machine 
tool, the v.-ork[dere and tlie cuttitiLT to(d in the vibrations of the system. For 
in.“(anre. the modes of vibration for tv.-o natural frequencies within the 
working raime have licen invest iirnled for radial drills. Here the lower fre- 
fjiifncy corresponds to liic vibrations of the frame formed by the units of the 
r.idial drill, vibratin': like a tuniiui fork due to the fle.vural deformation 
of the column and arm. Tlie hieher frequency corresponds to Iwislini: of fJie 
arm ami sv.’ivellini! of the drill head, 

.\nf»ther metliod of revcnliim the ndes played by the various parts and 
units in tlie vibrations at a certain natural frequency is tlie method of ana- 
lysiiiu the variation in the natural frequencies of tbo system upon varyin<4 
tiie parameters of iliffereiu parts of tlie machine tmd (mass, rifriilily, 
etc.). 

lloth described methods of experimentally asse.-sinc: the rides played hy 
tlio elements of the elastic system in the vilirations are only appro.vimatc 
but can be useful in the practical sidution of problems associalod with 
machine tool vilirations. 

I'he information iddained hy liie aid of tlie,se two methods substantially 
supplements the liata on llio natural frequencies of vibration of the elastic 
sy'teni which are deierinined lirsl of all in practice. 

.\S'Uniinu in the eipiation of the dynamic ciiaracteristie that p ~ 0 or 
!■> (t. we ohtain the static ciiaracteristie of the FES. Tlie acting force is 

apfdied statically in the experimental determination of the characteristic. 
In roper! to the cnlliim proces.<. tin? acting force is tiie one imitaliiiL' the 
I'll! 1111'.: foive. 

In liter.itiire on tlie subject, as widl as amoii'4 engineers and scientists 
• ntra'^i'd in rc'carcii concernin',: the deformahility and accuracy nf macliiiie 
tftui'. a different characleri.slic of the ehi'lic system in respect to the cut) ini: 
foiFciS'' has heeti extensively employed. This is tiie “rieidity" of the inacliine 
tied or tin* macfiine-iixture'Workpiece-toid (MFW'j’) system. Tlie most popu- 
lar ami widely accepted deivnitfun (>f this term is tiie one proposed hv .X. So- 
kolovsky. He defined the rioidity of the system a*^ the ratio of tin* component 
/'. of tie* cutting force (in reference to lath'' operation) to the dispiacemenl 
.t!ei,i: the V.ixis (in the L'enerally arcepted system of c<i-ordinate.<). determined 
I'T the action of tlo* full cntlimj: force. In some ciises. ;i reciprocal of this 
char.'.rteri't ir. iin> so-called unit defiectiou. is used, H tht* rioidilv is meas- 
ured in i,o{ per uiiji, unit deflection is measured in mm per kof. 



fJ-3. TUS ELA^JIC SYoTfM 



Fiif. lilO ni'plaf( nt< nl cur\ c li.f iljc «Ja»hc i f a Jatljp «ul.j, a j„ .uiiV Ir.jrj,i 

It h iiol (lifJ'irtill In 5pe what cnriitiioii t» Ihr ihfinni'pii* of iho «talir 

cliaracU'ristic <3f an ela«tic dinl the Hint Jc/lc^lion or llir rijnfily. 

It i« more expedient to ii^e the concppi of a “5tntic ffiaracieri»tic“. and rn.t 
the or “«»it deflection*, ewpfojinjr the h^t (wo termi io r/mr.ie- 

tcrizo oiilj' the claslir properties of the e«>n«triielMin. Ilowexer. tnlinif into 
nccouiit the popularity of the (erin “riffidily*. we>hal| ii«e it In the nrrc'.irv 
cn?e^ (as defined hy A. Sohnloxsljj. calling it the “procr^ini* njidii^'" 
of the system or, cofrt'spniHlioj'lv. the "profe^siii? unit ildleclion'. 

Tlip static characteristic (proce^'in? unit deflection) of an clasile «j«te'ii 
IS delcrniined hy the c.ihnlaiion. cxperinieiilnl and (tnniiinrd (experiin<'rilal< 
cafcufntlon) methods 'f/te c.ifrufatioii inetfioil ha< /•ctii ineriti*iiti(<f ahnte. 

Etperlmenlal mcilinds of deteriimiiHp the static cliiiractrri«lic (processing* 
rJCtidtty) liaxc found wide applic.ilioii fhex- mt‘tii<>r|« can he divided into 
two ftroiips depcndiiij* upon the nielliod of Joaduip the elastic «}stei-i. 
(1) static londiiiff hj f.<ree» imit.ilin(r the enitmc t«tcc. and (2) h.x h*.idiiu: 
with the cutting forces in llip proei'S of niaehinitii; a workpiece 'I he jm thisj* 
of the first croup are lailid et.itiC method'. tlu^'C of the second crmip an* 
calfed production iiiethoil« 

The load imitating: llio inltinc force i** applieil J'j xaruujs devices (‘criv,' 
or lijdraulic j.icks. weisht«. etc ) 

The de/onnatjon /s mea^urni h> iiiiixer'.ii Tm‘a«iirino hinlilii-s id the 
reqiiired accuracy (diol inilirator*, readin;: (o ttf*! or l)t*>l mni. rlr ) 

A (treat iiiimher of instruments have heeii diviloped for sl.itic ijfa'ure- 
rneiil of the pmcc'sni}; nt'idiix Tlip«e include instruimni* of welj-kfiouri 
desipn used m «laiic|.ird te«|> of varioii- •Jpo' »( m.srhine too?* The vahies 
of the force and the corn-spomtin" displar.-ineot« o), mined in llie ti-t are 
plotted crapl.icalh .i* 'howu m Fis !'•*• The Joop sh.ipe of Dos cur^e In.-... 
linear cli.iractensiic) is dne (» the mii.m of the friction h.^.s m the Joints 
The increase in the width of the I«k*P «ith llieiornase in difonnaiton fhxrac. 
tcrires the proportionality of the friction force* fn the nov-nitode of the. 
deformation. 
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W!i(.Ti i!io load is applied, the dipplaccmcnt of the system is less than it 
v,unl<i he if there vrere no friction forces since a part of the actiri" force is 
toed to overcome the friction forces. The opposite will ho observed in iinload- 
irie: because the elastic force, in moving the system in the reverse direction, 
must overcome, not only the applied force, but the friction force as well 
Mtme t!ie dircctioit of the latter now opposes the elastic force. To evaluate 
the elastic comjtotient of the static characteristic of the system, it is necessary 
to (iraw a line throneh points hisertinr: the intercepts between the londintr 
.and tmloadincr branches of tlie curve. This line determines the actual rigid- 

itv of the svstem (C^ — ~ htjf per mm) as a characteristic of its elastic 

Oj 

pritpertit'S. The siiape and area of the loop in the curve characterir.e the 
friction forces in tlie system. Tlic intercept 2A-;6; is equal to twice the friction 
force at (he deformation (Sj. 

The experimental determination rd the static charnel eristic of an elastic 
system by the so-called production methods is widely used at the present 
time. The essence of tliese methods consists in cvaltialinc the errors in ma- 
rhifiin" a workpiece caused by deformations of the elastic system. The cutting 
conditions (speerl, feed and depth of cut) and the shape of the workpiece 
are strictly stipulated. Knowing the machining error and having determined 
the cutting force cither experimentally or by calculations, the processing 
rigidity nr unit denoclion of the elastic sy.slem can he computed. In other 
Words, knowing the static error of a closed-circuit dynamic system and the 
static cliaracteristic of one of its element.":— the cutting process— if is pos- 
sible to determine the static cliaracteristic of tlie second element— the 
eia.stic system. 

Properly applied, [iroiluction methods can yield data on the static cha- 
rncieristic of the elastic .‘:ystem a.": valuable as the data obtained bv the 
above-described static molhods. 


In respect to processing rigidity determined by production methods, liler- 
aiure on the subject sometimes uses the term “dynamic" risridity of (lie 
machine tmd. riiis term may lead to confusion. In vibration (hcorv. tbi 
dyunmir. ricridity is defined as the ratio of tlie force to the displac'emen 
11 . !iu‘ vibration of systems with a random frequency. In essence, tins corn 
.'•ponds to the dynamic characteristic of jin clastic .sy.stern in the freqtieiicv fonr 
t'smg certain concepts, a cunveiiicnt calculation method can be appli 
in many ca^es for determining the static characteristic by means of a si 
tiiiticd anaio-g of the elastic sy.stem found by experiment. We have cal 
this tlu- combined (experimental-c.ilciilationi method. 


i hc concepts on winch this melliofi i? based can be explained liy the ex; 
I'de of the eb.'tic system of a Jafbe. considering separately disribicen 
of the rutting too! upon deformation of the carriage unit and displace 
of thf- workpiecr upon deformation of the spindle unit. * 
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Ft? 191 niDST»ni of th# ehitfc ‘ptm of a jjtLe ranl»t* Lrit 

0-f»ntr« of ritio'tr r-rinr*« It f'fM'ty 

I»i a plane pcrpemlicular to the line of eentn-* of the Intlie, ilie ela«iic 
system of Ibc enrnneo unit can he reprp«cntcd. for simplicity, by a sjstcm 
(Fip. 191) haMne a centre of ncidity II will be rrcallfd that in Strencth 
of Materials the centre of risidity or centre of Is tlie point in reference 
to v^hicli the tnoinent of itiiem.il cl.i«ilc force* i« efjiisl to rcro. 

If a force pa««cs through the centre of rigidity, then the di«plsernient 
of any point on the compound slide («quarc turret) i« delermined by tlrfor* 
mations along tno principal centra) atcs of rigidity xvithoiil s«i\et of the 
square turret If tlie force doe* not pa«s through the centre of rigidity, dt*- 
placemcnt from swivel about the centre of rigidity i« added to the pro iou«ly 
mentioned displacement* The magnitude of the di«placemcnt depend* upon 
the moment of force P and the torsional rigidity C® 

Since the displacement of tfie tool no*e due to swivel of the square turrit 
i* large in comparison with the displacement of the centre of rigidity. t!ic 
aho\e-describcd sj'^tom can be replaced by a simpler one. referred to the 
tool nose and dctcrmineil h> the two rigidities and The axi« of 

maximum rigidity is directed toward the centre of rigidity; the axi« of mini- 
mum rigidity is pefpendicii1.ir to the fir«t n*i« The value of the ininitmim 
rigidity is dependent upon tin* rigidity C# and the distance from the tool 
no<e to the centre of rigidity 

Table 4 list* the value* of the co-ordinates of the centre of rigidity, the 
torsional rigidity and the maximum and minimum rigidities referretl to the 
tool no«u of the carriages of lathe* with a height of centres equal to 200 mm 

The ellipse of rigidity. ‘'hown in Fa: fyi is u*ed to dclcrmine Uic dtsplare- 
ment of the tool ni)*e from force /* by calculations or graphically. It is 
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.‘-iiiiil.ir 10 the f!Ii[i-c of iiiorli;i of ii foo'irn rro-= ^octiori in Slrcnf’Jli oj Matr- 
ri'il', I pon nnsyrn!iif*tri':.'il hciKiinc' of ;i )it>:ijti. i.'*., v/lion llin force (lor-= 
not riiiiici'Io v.-itl) flio fJiroefion of the jnincip;)! of ri'ri'Jify ;iro 

(lie of tlio olli}).-o), <iirr‘Ction of lii(‘ full ficforniflioii !.<•• perpetiilicular 
!« .1 t.'iin'fnt 1.0 t)jo cilip-f nl. tlio point v.iir>if liio ol!ip'i> intCTM'd?? the litifr 
oi ;u iio!i of the force. There ir n corrr-sponditi;' eon^-irnclion for dcterfiiiiiifiL' 
ihe foil r]i«p!ricei;ieiil ;ind its component nltme Hie }' nxis. 

At cerlaiii vnliie' of the print met or- of the sysleni. there may he no lii?- 
plaeiMKefif of t!i(- tool iio=e aloiie flio }' riYi? or it may he dipplareil in a rlirec- 
tom opprj-ino the projection of the aciine force This rornspomi.s to the 
/ero , 01(1 ijee.'itive .‘^iriiic charrmf ermt ic (inijnite riml ne;>;,iive jiroce-sint; 
n'/idity). The condifiom: under ’.vliich sncii phenomena ocenr can he found 
hy e’ .ifiiinim.' the ellipse of rigidity. 

Ihe el.i-Ui; sy-lem of the cpiiidie unit iii a laijie include,-: the r!e\(in'if 
"V^ieoi of tile v.orhfliece. >-p,ndle, >jiind!e hearine-i, iivtnre for clam|iin! 
the v.ori piece fehnei', centre-, etc.) and (he torsional system (more arm 
retefy the tie ii r.'i i -f 'iT,- ion a 1 .-y.-tr-m) of the f ran'nii-''^ion from tlie niot( 
to tfji- •.'■orl. piece, 

1 I'j lie IPJ I i i ii -i r .it e - a diaeram of tiio i-la-l ic ^y.-tem when tnrnine ;■ v.'or 
1 >H e held in .1 chucl.. In Ihi.'^ r.e-e. the .-italic linh hetv.een the fie\nral a 


uy-tf-jii- i.- np doe It) ft 

1 li' -, |,y force J>. wlllcli doei 

in tin- -y-lerii, tin- force r.tii'e- 
H.e.’ ..s t!ie <!)i!i.!ie lin the direction 
c '.yi'if >1 (•: w cr am! !,e't tr,in:-n!i>-~ 
i 'ooilarlv hot eil ili ', or-tl-f or-toi 
mr • V. -iri. [i; '■ >• lu-tv.een lo-ntre-: - 
■'n.,;o < ’.oi -Iii-, ill" lio.'. In cii;|tr<-' 
[I- ui !<m io ri--pec! to ’ 


atnre- of the jpindle drive; the tori 
not mler-iett flieaxi;- <)f rotation, h' 
henifine (.f the .'■pimlle. and upon hr 
of the force) fv.'i-t oci nr- . Sm’h a 

lo!)-. 

i.s! eia-ttc .•-y.-'tefn is ^ef nj) in mii 
ith 1 r.iri'-mi'- '-ion of rot .oi ion !li 
■a to tlie jiri'cediao -.yi-tmo. thi-; 

!',e i»/ol in sjjf* pro//-,- ,)i rtitaito 
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The ilwcriboil olashc fjsteni o{ tlip «piiidle uni! may l-i- nmra* c-'‘ •yboaSe'’ 
If fbc spindle liearinsr^ do not comply wUli Ihc niannfacturn).: ^^'Vl^■u•a^u r.«. 
ror iii«!lancc, if the hole for the lr«*ut spindle Loarm;: i< |H>r\sl to a? o\ai 
^lape, the ncidity of the boann? avill differ i» dl;Tt’^Mlt dmvtu'r.*. 
Thi« must lie tnken into considctalion in an aii.ilv*i< of the] fla«lii,* 
system. 

For an analysis of tlio static ch.iractcri^lic it i« ncc(»>'.iry to infvi<un'orcsl* 
^■iilnto the deformations of various unit*, parts and joint' in \ariou' dm’C* 
tions. 

Two meltinds are employcil to as«o«< the ohiaintHi data from tin* jH'int of 
View of which deformation and the dt*«f»H* to which a aiT«ts the rvlalae 
displacement of the tool and workpiece due to the action of the ciiilim: 
force, One method a ha<ed on the shape of the ela<tic sj’^tem after ft i- 
olian£»ed by deformation while the other i* h.\<cd on the so-c.vUed “hal.uice’ 
('tnictiire) of tlic proci'S-ine riuiditv »d the '^'tem. 

In the first case, the measured or c.ihnlalcd di'plafement"! of certain 
points on the part® or unit* are ploUnl in a definite «cale on .» drawiin: of 
llie machine tool. 

I'xaluatcd in the second ca«e are the relation' betwec'n llie rel.ilice amounts 
of workpiece and tool di'pl.'iceincnt due to the xartoin t^pe' of deforination 
of the \arion« parts .iiid iiml« of the machine tool The'e rcdalmii' nrou'ii- 
olly expressed n< pereeiilases of the (nil dHplaceineni, 


12*4. Working Processes 

The inherent stahilil) and the d>iiamie charat leri'l n * "f the wnrkini; 
proce"es proceedtii? in the iinnnhie .l*•■<ocla(ll•Ils «if the imn/nnc (oof nre 
nn.ihsed on the lia«H of data (nun the rorri'«p<»ndiiiB liram lie-* of “iciince. 
Of all the working prace««cs we <hall roncern oiirvelf wilh the niosl iiiij>or 



2'ir, i>VNA:!ic c \i.ci;i.ATiONs and anai-v^ip in '•sACiiiNr. tool design 

;in<i friction processes— and to a less extent — processes in 

motors. 

T!io rtidint: pn>:>'.'s is a complex interrelated .system of plastic ilefonnation. 
tlierma! processes, friction processes, etc. The cut tin" process is affected 
mainly hy the cullinu tool "comefry. cnilin" conditions (speed, feed and 
dej>lh of rot), properties of tiie workpiece material and the rutting (cooling 
and Inhncating) fluid, 1'hc principal feature of the element “cntliiig" is the 
di'pemieiue of tlie cutting force on the cross section of the nudeformed chip 
or on the ciilting .speed. 

If the cutting force is invariahle at a constant nndefnnned chip cross 
seclinn and culling speed, then cutting will he inherently slalde. 

A hreach of iniierent stahility of the cutting process is manifested as 
a variation in the force when there is no variation in the size of the nnde- 
formed chip cross section or in the ciiUing .speed. Such variation in the cut- 
ting force occAirs under r.omUtit)ns in which a sheared, discontinuous or seg- 
mental cliip is formed or in case of an instable huilt-up edge. Tlie Inst type 
(if iiistahilily is the most important in practice. 

Tlie formation of a huilt-up edge is a .significaiii feature of metal cutting. 
Tiu’ huilt-up edge is formed on the face of the tool Ijegiuning with very low 
speeds. I'lider certain conditions (of the cutting speed, uudeforrned chip 
lliickuess, etc.), the Imill-up edge, which is frociuently called Uic stagnant, 
/one. is of a stalde nature. In this case, culling proceeds n.s if the tool liiui 
a rake angle equal t<i the angle formed hy the huilt-up edge. Chip coutrac- 
fioii ami tlie cutting force are sharply reduced and the culling process is 
coinparat ivi'ly snioolli and uniform. The machined .surface does not have 
.1 very goml rmish, Iml tool life is increased since the tool face is armoured 
iiv I lie huilt-up edge, 

.\t certain sjieeds, of a value depending upon tlie properties of the steel 
being machined and tlie geometry of tlie undeformed chip and of the cutting 
ton!, the hniit-up edge disappears, in this case, the rhij) is coiitinuou.s and 
a good surface tiiiisii is obtained. Here the culling process isiuherenllv 
•-taide. 

Ill a C(>rlain sjieed range the huilt-up edge is periodically hnd.-eii off. the 
cutting force hocomes a variable force and the culling process is iuliereully 
iu-l.ihie. 

1 he static rhanirtrri^tic of the ciittiiii; preaws e.v presses tlie ratio of the 
cutting force to the nudeformed chip thickness obtained in cutting under 
(•.■nditions which are constaiil witii time. .\{ the present lime this ratio can 
hi- determined enly experimeulally. 

riie (iepemieace of the cutting force ..n the undeformed chip ihirkmes 
for .1 given chip width is nonlinear ami can he expre.ssed hy a power ftinc- 
tmn. l.ine.ari/atiun of (his function upon variation of the umleformed chi| 
tim-km-.- in a small range gives the static characteristic of the cutting proces. 



JI-; UORKIVO rRlM-E<.l 


in llic following form 


rIjcto A'p 
A' 


Kp=>— kgf p«T itini 


spcciftc cutiinp force, Igt per 5<j uini (fnr c.ujidti -ImI, 
A' s 2 (KJ kgf per sq mm) 
l> *= wiillli of (he undefornifd chip, miii 
The dynamic c/jffractrrjs/ic of the cutUng procist i\pri-*c< tlir rrlnli.m 
helwcon the ciittinp forte and (he iindeforined chip thicLjif ■' fnr i.'im n 
\ariation in the thickness with time. 

Practically, the djiiamic cliaracterislic of the cutting prircc-* can li<- 
determined at tlie pre«ent time only by experimfot Dtnainie fi itnrc-^ of 
cutting were first token into account in cmmectir-n with the lOM-'tigntion 
of Mbralions in the cutting proce«<. 

A certain time shift exist* between a ann.ition in the iinilelorp.f'l chip 
thickness and the corresponding change in the cutting force It i» dor to 
the Jncrlial nature of the proce<«os In cutting. The inertial nature of ilicrmal 
processes, associated with the changis m the mechanical prupertie* of netal* 
upon heating or cooling, and of other procc-w-* i* well known. In the tir*t 
place it is necessary to indicate the lac m xarialion of the cutting force wbicb 
H connected with the limited xdociiic* at which the cut-ofl xoliimc <d mate- 
rial moves from the moment its deformation begin* and up to the momml 

the chip leave* the cutting tool. , , i_..„ i 

In llio case of posituc tool nke anglt-. an indicc o the ^ 'T 

nintion ol the material in cliip (oriiiatimi f the 
On tlic baais ol the cenoral equation lor the cnttini; 

tlie nrmclnal tiarametcr* ol the pr«r-s un.leformrJ cl.ip tliiclne-. c n 

"actS "can be . that t, ,0 01, time 

proportional, not to tlie nndeforn ej chip ■b'e^e-*. but to 
liirkneia Unon a chance in the nnclelonned chip lliichm". tlie etiip twek 

ielfr'no^cZnVe ln-.fanta„e„„.l,Mn,t nnl, 

elnp contraction lollnn. irnn, tin- r.-nlt' 

:^";iecml'Z'pe!,n.eZ:’!n"lS c'ntt.Jc perinrmci bp .-.nch-, 

tools wiUi slioriencd laccs. ..,.„,„i,.ntit>ii load* to tlic 

The preceding "i cutting (traii'fer 


following simp!o*l form of the djimmic 
function): 

Hr- 4' 




T,r ■ t 

ni.ere /> aiui ,J =- tnt.almn tn the cult.nc lorre anJ undelorn.oJ chip 
thicknc". re'poftncly 
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,'p 


I'ljr. 1 !*'> < '>.iii) jil.:!' " fn tju' iii y < Icu.mMi ! i- 1 ii ' (.f I In- ( ut t iiii; (iidf ( foi vari'iii'- ln-iiflit'- /i 

<if dll' v.i.'it fill dll- (<>i>l flini!;; 

< .! ir.r''., V !( ’ [''tii j-i : t I. ■- I'.m, r - " T. Mi'ii; o- It ' i J’ liirr. 

7 / riiiii f(iriii;diitti tiiiH' rmistjiiit. 

I. t ' 

fin -■ I'ivfii iiinlcffirdicri cliip 1 liiclair-?-,- 

c. u'ivfii rliij) riiid r.'irl ion. cqiliil 1o lli(‘ fidio nf nrlUfil 

I irn'l-nC'^ to nii(ii‘fonn''il < liijt 
I' nd, till” .‘-|i('('i] 

-■ ri-rl.'iiii cfiiisl.'iid f.ulor ilolfrmincii f'Xpfiiini'iditlly .'ini! 

oqii;iiiin'/ iquiroyinintcly I to I ..'i, 

A iiior/- foiii jiif-t I- foriii of tlii- ifyoiiinii’ cfiar.’o'tMisI ic ami tlolaiin <’on- 
iirniii'; It'- i|ft ion <'an 1/c fonrni in an arli'di* liy Jyiniinov callffl 77//' 
ftiinitinii- ('hnrnrl, rht'n' nj Cuttinu. pnlili'iiioi! in Slaid.'i i ln‘'lnitn(‘nly 
tMa.f liioo I'oot'- iiii‘1 t '.ni 1 in;' i ool-'-). No. f<>. I’dii!’., In tlii;^ fharactori'^t it’, 
a '■i;';)ihi .till roio i-^ piiiy/'il iiv tlio iiiniit- of forci> v.'iiiation on llic tool flan).'. 
'! in' tiiT' I- sin- Jill. no fri‘ii\n-ni'y •■liaiio ti'ri-! if''- <if tin' ridtino j)roi' 0 '.-i. sliown 
ni I'lr. I'd.!. v.'i-ri' ploti/'d for vaiioii'- Innoid vainn/ of Ilm '.vnar arna on thn 
to<'! !i lid. in till' orthogonal ciittiii'A of c.-irhon stcnl. .-’d oi d. tlm inlcr/'ojil 
/> t. i i-yn - tin' ''lalir cliarai-li-ri'-tir of ihn cnltin;’ proro, ':, 

ii foilov.-; f.i-oni tin* .'ipprovimato <-ij!i:'t ion of itio ilyntitnir riiaractor' 

;■ ( n ut i-it', tin;; linst npott a '-niiilci; in (!n‘ nnilofornn-'l lUip liiict* 

to tlo' run ill.- fon n ^vil! v.iiy ;o-i-oriiii)t’ to an f'xpoiioid ial fnin tion. '1 he 
< o; :i .j'.un'lin.; tinn- i-har.-o-l ori-t ic '.in Im v.Tilton ;i-; 

/' A/'.’!! I- -'/) (2117) 

'- i '!' • r!i itdi-i Miiiti 'll \ .4 j.'it So!! in tlo- nnili-fornioii chiji t hi/') nc-' 

‘ llCn . 



ttoi.KiM, *‘rs 


ti'ii 


• -f II.' nillin; rrr.rf-, .n p,rt 

i« pf.i>cd li> tliP cliip-fijrm.ilion Umi* c«n«Mnt. Fiji* limp ronv.nrit »• rr.Itjrf.J 
■ftil I an incre.w »n enUiniTspri.!. Ii infrra.^ w,lJ; li.o -J 

iiniielormed c/iip ihiclin/**. 

The time la? of tlip ctiUin? forcp |p,iiN to a in iJjf rufijii" 

force 13 olwai's le -1 iip„n a rapi.l lnc«*3«p jn the tinMormr'i fhrn 
ttinn upon a reuuciion. 

''roee**. M a complct of lotPr.x"- 

• ' ‘ical a/1'1 chr/nical fifj/nomfn.i I(n*Ii 

■ ' are fotin'l in rmrionp 

fool? The folloirin? fj-prt nf friction art- Ji«fin?tn'»/jerf* ifr^. fioiin.l.ir>. 
mitoil (Jomiilrj- and .■cniiniiitl) anJ fJiiol. 

The processes nf dry and boundary friclion an- ilrlerminr^l br / tlri'/ntiy 
complicated and msuffic icntly examincl (.•»« yet) pt.cnnnrna oVrurrin? <ff» 
tlio contact surface? of the bo'hp< The~e pfi/nomrn.i are a“i>rMfp‘I with 
merhan/caf and mnlcpul.tr inferaciton of the irrt-.'ularilif-* on the nddun? 
surfaces. In mixed Inctioij. the force re<jiiirc'l 1 * overrome tfm Inlrr.iriion 
of Ihe contact •urfae/-* of m-ttiaz ptrfs /< added to the hirer al w*coi'« re- 
sist atico of the liibrir.mt nhicli doe* not wlmlly «epir.iie the •iirf.iei-'. If the 
lubricant conjplctel.v -eparate* the .«iirf.ic(-*. »p hi>e fluid fnrtjoii. 

la the followins. we “hall c.ill the differ/nt l)pe* >>! «lidins Iricti'in, a*"*- 
clated with contact inter, tction of surface-. C'-.ot.icl friction. The irif/rieup»j 
of surfaces co\ec« di«eri-fe contact rejioa* and. upon notion of the h'Kfi/-*, 
/lisappMrs in cert.iifi fi' 2 »ons and appear? m other* TliC Tr*j*tar.fe i« *t.i- 
ffsf/callj' summed op f" "htaio the l«>l.il frirtion force Thi* re’i*l<'irrr j* due 
to the redeformatioci the c<ini.iriin? irr«'?u}afiii*'* 

Tl»e inherent in«t.ibilifv of the contact fncli".n pri'cc** j* jnsi'ih-t' ! in 
jaminin? or scinn? ('li<'ii->mcna arfon»p.uitfd !■> «ff-“trurtio'i rd the roota'-t. 
in? surfaces to snme d-pth. lemperatiuc rt*e in tlic fnrti'.u n-ne ar-. hi.d; 
instability of the force The^c phen'imena in rli-smati’n \ 

in? Itihrication criiJ'ii(;--o-‘ infre.i«in? ihe h.irdm-** ■ t i!.e nl.Mi 
proper selection of their rnairnnU n-'lMCllo'i m thf >■ / 'd J'a 
The inherent ifi*i.ihihl> of fluid Incimn i* m-mdi-ir i 
hctivfo/) Jaminar .imf t.irhulcnl flo« in the luiMr.-M at 
in mnehine loul- , u .11 

Since contact fricio-ii h nx'-i fte<iweett> o'un' m "" 

cnn«ii!er this tvpe of In* lion 1 - ,,, • 

The mam I.iuh .4 . .ntact fncti'O »• o-nmito.-. yi>i. / 

of the elastic sv*ti-m .in the depcft'Jcwd the fn'Ti. , . 

h'.id ( Xmonton- Loii/ o-.b ban) and oti tl •' - i', -- jl 

dependence on the )- id > more c.m«nunl « 
y*is is the ilependpuco >d the friction chatac < ' ' , ; 

doformalion. rh.-v...io>r.Mur.d»ntofnct.rn.nio-t.--o Ml K , 


.orfir 


f-' 




*J*4 UOni^lVQ 


^'1 


Upon a siiJJon clian^jc m Jhc normal contact 
deformation (load), iho friction force In 
accordance \vit)i equation (230), nill xary 
alon" on exponential function Tlic latter is 
an approximation of tlie crperimental depeml. 
cnee of tfie friction force on the pivliminarx 
di«p]aceinenl. 

The reduction in the friction force with an 
inerca'ie in xolocily for inited friction can lx- 
explained by the reduction in Cuntact friction 
a*! the body is fioafed to ride the bxjer of 
lubricant bytlie action ofliydrod}n.'iniic forces 

The hit'll xiscous resistance of the lubricant 
to the notation of the body upon a rapid 
ebanpe in velocity, can be expressinj bj the 
simplest dynamic characteristic of mixed 
friction' 




Fig !?• rx[..'rn)pnl4l ilpfwnil 
iiKi* of llip friclicn feirro in 
Iho lansi*ntijl ili'rlannirnl 
(ffftfminirj rfi'pfimnont fl 


xxlicrc Tt is the flotation tune constant. 

Upon Sudden cliaii-'c^ in the sinlini sped, the friction force \nries 'aitb 
n certain time la" accordinp to an exponential fonclloti The I.ip in time 
of the /rfclion force from the x.iri.itioos m <lidif»? xelocity i,« the reason for 
the sharp rcdiictiou in the slope of the friction f..rce drop upon a mjui! x elo- 
city change in rnived friction 

Upon analysini: djnamic processes .xscoci.xteil 'xilh the slopping of Ir.ix* 
elling parts, or the tool and xxorkpicce (upon rc\ersal«, scll-exciled relax- 
alion vibratin/js j e seJf-excjtcd Mbr.xtioii’- xxitb slops, rlc.). llie ebarat- 
tensiics of the friction and ciittiiii' pr.»cesses In respect to langenlial dis- 
placement are of impcrrt.xnre lhe~e char.xcteristics are sub*tanliaUy non- 
linear. Fig. IVi shows the dependence of the friction force on the tangential 
ilisplacoment. An increase m the displacing force, applied to a liwly ,»t n"*!. 
le.ids to an increase in the friction force ainl in the preliminnr> ilispLxce- 
ment. A reduction in the displacing force le.ids to a reduction in the fnctiou 
force along the other branth x»( the characien-lic since the pla«tic part of 
the deformation is not n-stored in preliminary ilisplaremenl Upon rlmrig- 
ing the direction of the dv«plactng force. «liich corn-pmids to a change 
in sign in the sliding velocity the effect is repeated in llie reverse order 

The characteristic of the cutting process m respect to (.xogcntml displuce- 

mcnl is of like form. Tlie <!iffereiice lie* in the gre.xter asMnmetry of the 
characlerislif which is due to the different geometries of the tool face and 
flank. 
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/V-.r.'.wv. in mofurs are invi’stiiralpil in ?<ich sjn-rial braiu-lie< of fcienoo 
A*- rlcf't rical oiiciiiot-'riiii!. livdro- and a('r<>dyiianiif'>. oU'. An idea of lhl’^o 
flciiii’nis of ihf inaciiiiio lord dynamic <y.-'{em can lie ohlained from l!io 
<iniplosi dynamic, clinraclcri.cfic’ td ihc eieclromairnctic procef^e.^ in an 
iiuhiclion mntor; 

I 


.V_ 


•S. 


wlicrc M torque of tin,' olcclric motor 


T, 



‘",1 



V 

. s ' 

jit; 


. 1 /,. 

1 






! t<U - i) 



<iip 

^:yncl\ronou:= speed 

slope factor of tlie static cbarnctcrislic 

critical (maximum) torque {>f tlie edectrio 
motor 

elect romaunetic time constant of the elec- 
tric motor 

anunlar frequency of the supply mains 
critical slijt 
nominal slip 

maximum-lo-raled t(»n]ne ratio. 


The static ciiaraclerislic of an iuiluction motor, in tlie form of the so-called 
meclianicai characteristic, is well known. 


12-5, Analysis of Dynamic Performance of Machine 
Tool Systems and the Calculation of Performance Indices 

Freiimmcy melliods, employed to analyze tlie dynamic .•system of a maciiin 
are vivy convenient, imth in tlieir comparative simplicity and in t! 
wide opportnnilies presented for usiue experimeiita! data. 

'i'he dynamic caicuiatimis of a maciuiie tool system consist in plolti 
(iie frequency cliar.icteri-l ics (tii’FC) of tlie equivaliml elemei 

(1;FS and MSI and tliecomj>Iementary sy.-tem of elements (working process! 
lijit e 1 to till' eipii vah'Ut (di'meiils. followed hy an iuialy.-is of a !»ne-l! 
-•ysttnn of oiu* of the tvpe-^ indicated in Si-c. lU-l. The .'-eject ion of the I 
• >'. -.j.-tern (h-peiid-- upon nature of the prohlem to In* s!ilv!'d. 

if tlie ch.u.o teri-tics t,f the eh-nu-iit'^ have heeii ohlaiJM-il experime/il.- 
f«T ee.ui'.pii' hy te-tino pilot niod'd-. the indin-s fd dynaniic fuTform 
-'r. .oi.tly.n-d in the same way a-i in dcsitrnim: a new machine t<iol. 



■s. AVA^ois (>i iinioi 


In njrtiiy ca«fs, ii prmt^ innrp co»\pnipnl, \k}n*ii <h It ritihihiu' llic t.I'Ji' 
PHliOr Ii) cnlciilnt.ntis or P^rM'mnfnlallxMuit to Cntisi.lrr lU cloiiiptiU .. I'K- 
ntcly, litil to hiid OiP charaf|prt«lif of tfip opt o-cirniit 

tPin, clinrncten«tic of n cl«>«p*l-circiiit wjjJj a rhro otjrro.iJ .irlhm 

(uipnl). tic. Due* lo tilt oAltfJntly cotnpIoT ii/ittirc of rtmeftino Inol thn.itnir 
.'J-Mcms ?t;cJi caIctiIniion« art praclicalij- urily }f an of.Vuoitu 

compiiliT i« a\<)tlnb}r 

Before (ielenttiriinp llio fli.iMcleri*rif« of the cfaMir nii<] Mtf »iorX- 

ine procc5';cs, it i-j iiccf-sary to as'P*< the {iilimul Jlafnlitv of o.ufi oio 

C.ilculnlinns of a !<j?lem in tthich one of the rlnninl^ of Ifn' jii.tfliioe 
tool (lyiinniic sysltiii is inhrn-nl)> in^tahle nunl>r the sitliilioo of tin tii.o- 
linear prohlorn for delrrmnnnp Ihe ampliliitft-* anti frttjtnnejf^ of .si lf e\f}Jril 
sihralioris Tins is follow rit hy an <~tiiiialio/i of I lip jiprnii'vjMp |('\ p| i,f iln-i- 
sihrations. .\ii example of sncIi ealcnlations is ||ip (Ictrriiiitiatioii of ihe 
aelf-c-tciteil vihr.itioiis m an inlicn-mly m*lah}e fiiilmir ITih-p'-'. i e . in lln- 
formation of ifi«coniiiu«««‘> *>r sosmoiital rhips. er cliip*’ when « l>uili-iip 
eilgc hreahs off {lenodicaffy. The prttreifiiri* for ^iieli pro|t|ptii« is 

similar to the one rtin'itfeml heiovs for calenlatinc •df-rsi'itr'} r(h<\,ii>iiii 
sihratlnns. 

The linear appro\uiu«li<in of the ss'tom is analjrdl on the fi.i'is of Iln- 
fliarncteristic of a <li«eonmelptl one-eiMiit •s.'iem of one of llie ihreo tmli 
calcd type? llie eli.iMetef««tie «»f a «li«ri»nii«Tteil ‘■firm js plotliil n* tho 
protlncl of tilt fli<\rattori«tic« of the componeoi rleiiients wliiflt np 
the system. Tor each saine of the frcqnenev the ampin inlfs arc* miiltipJtnl 
loftcther wliile Ihc |ili.»*es are a<i<ldt lojreihrr I Ijm will pros nle a ifuiierisjiiif 
ie^s cimracicristic Miown in hnr f*’*’ «•' ‘'ample i' a »li«ei>iimeli'I 
syslem of ti»e ihtn! UpeamI •!« eli.ir.iri«n’*ii< ll<,, plotJi-d for the n*'’ 
of a machmuiu’ operalion -withoni previoii' «}i.i(ter m.irX* Ihif 

(i'l) 


fli nnaiyimu' the .j-fem for the ma< hinini: .Hon- cItnU.r m.trU 

(he (nceoiinerlion I' nnole .ihme the .lejaxr.» h* dharV a« Hiown in t 
'Hie char.irterislir \\\ ..f H.e ^\^u«t fr-.m »h.<h the elem.nt wil . ume \y 
Im« not J.cen -ep.iMled i- «»•.• i h..r.o n n-m ‘.I a c».-r.d^.rr..n . 5 >..a„„ 
5j-5tcm foe mach/nm- “nirh»wt pn-xi-ti^ ch.iii.r m.uX* taX.i. it. r.I.t . 
In the external at lion on (he worhmt’ pr.H*- 


Hm* 


(I 


T . 


Tills chnraclpnsUc is pi 
hnown characlorisUe B^i. 


ollrt! eilher after U •' ra 
or craphixafU hv n*in" 


<.XU> 

ilnilaldl atfoTiiii.j t'.ltic 
the rrfaHon«hJp' f-r tJ '* 
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In iH siinplMl inlerprelaticn. ll.i. .lalnlin c.i, I, rt ! 1 t, 

Hic loHottinjr; if tlic cfiar.->ctPrMic culv ofi an irnrrrjit I i . ■ tf 

nairali^e real axis, the sj.tPni h slaLlc for Hit- \ nltu- < f 'tVe vxr'->- , 
ters. If the cliaraclcrictic of the ilt«rniincctf>l i fh. i t • itiw 

real axis Lcyonil —1. the ^v^lem is inMahle. Wl •••» t! c int'-.-r, ni if ,« 

equal to unity, the system is on the honnclarj of fl^ihiltlN ami tl - ititr-i'. t 
can he used to estimate the HipIiiui: \M,Ith b,,^. ..f ilu' urJ.f. -i , < , ! , 
perjnitled by the sjstem o»i thf‘ basi-^ of stability c.mditf. e- ’ 

Pie larger the intercept Ilfj,, mt ofi cn tie ti'crliir I -.me’i r' /' < r I , .• 
the less the limiting width of the undeformed chip an! II.- I.'xer /' • i 'r f ■ 
proof property of the system. This n«le is in po.id arrec .ttit with .vh >! • ' 
the smaller the intercept Kph'^rs eut op bn the ct o - i< !> ' 

real axis, the higher the processing rtgidihj of th>- t-nt-r and the I t!'- e'' I 

of deformation of the system on mrchiniiig accurcey If A'/ A-'rr - !>■''* 
value exceeding [ 1 |. gouging or dig orcur* 

The frequency of self-excited Mbratinns. originate'! uyf"! a k-< of 
ity, IS close in \alac to the frequenej of rheractori'lic « >, at the i”'iiit v!i. re 
It intersects the negative real .axi.- 

The physical concept of the |o<5 «f stability m cutting •'ttithfait privimi* 
chatter marks" consists in the following Hccau*e of the man> drgrr*-* i4 
freeiiotn of the ela«(ic s>siem. the vibration of the to'if in rr«pect to (hr 
vvorkpiccG IS the re«uit of adding 'ovcral interlinlcd simple ('•eillatiof*. 
Hence, tlie path of relainc in<»iiyn of the tool md workpiece, due to tin* 
addition of oscillation' lias the shape of a rlo«eJ eiirvo, approximating 
an ellipse. In contrast to tho rigidity cllip'o this i< called the di«rlaccnient 
ellipse. Motion of the cutting tool .‘ilong «uch a path varies the iindclormcd 
chip thickness and cons<qn'»iJ> I'o cufiug forri' in *uch a iiianncr that 
upon tool motion in tlic Jiroriu n ofonu f force action the iindeforn eJ chip 
liilckness vvill bo larger than upon l.'oi muiioii uppo'ite to the ciilting force. 

The condition* undoi whuh 'mh "otioi, of the *y«loni occur* conJorm 
to the case shown in Fig f''** in wbivh the normal form* of vibration* o* 
different sign* are added li-g*il'r in tlii' ca*e the cliaraclerrtic 
intersects llie negative n’al '•v- *' 1 '* the 'V'ton !> potrntiail) ui*tal> e 

llll.cssslcnl is stable l!.. llir ; ibral.ali. !• siirb Ibat 

tba .lircction ot ■iwti.m 1 n.'. ■' lb" reaer-e ..I Ibal jestrtbr, aboar 

The variation of the cutting fore* iindei llu'-o condition* ha* a (l.ampin- 
effect on the vihraliuii' J-i .cp)ct"«h.iij the cmrgv being di.‘«ipated. a* in 
on Insl.iblc system, hut uur. i*ing U' di-ipation Special not* *houl>l t.c 
taken of this circurnstana- "m-e literature .-n the subj.rt '"f ' 

of the effect of culling fu> a -f-iMe 'V-'tem and w \hv ab^inre .d Mlvration \ 
on tlic vibrations caused b' eviemal di'turbanre' 

It should be noted that m the case being c..n*idered the variation m tlie 
damping effect of cutting i' determined not «o much hv rutting itselt a- by 
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;!!•' v.iri.'.tin'i' it! th" t’Ltj-ti.' 5y.'!cf!i which liotcrmino {lie (HrccSion of motion 
\hi- ]hdh «T. w!);it cotiso^ to the sati'.c thine:, the stability of the system, 
i! w;-- iiifiaiormd ahoVf that the behaviour of a stable cln?ecl-circiut 
np.ni e\iernai action? tiiffer.' from the beliaviour of an opcn-circutt 
-vs'ouu. The ile.mstine effect of rutting is one of the factors illustratinc this 

jT'.ji.Kitiiin. 

'ilio role, lir^cribed above, played by the variation in undeformed chip 
:iii. in initialing solf-excited vibration? is supplemented by the effect 
of ;!i.' !,*o itt the enttinrr force in respect to variations in nndeformed chip 
thiclfn hi other wor<is. in self-excited vihralions. arnbiernity of variations 
i!i tiif enttititr force i< the result of tfie time !n" of the cnftini: force in respect 
So she variation' in stndeforssied chip thickness. 

1 he ilepesoh !!ce of t!ie dynamic characteristic in enttine (the chip-for- 
nsalii.n ti.nu- constant) on the vedority determines wliother there arc two 
or more txumilary esUlino speeds, above and below wltich the sysletn is stable 
.oei ijti vihrations occur. The occurrence of such cutting speed? which limit 
tho re.:ion in wliich viliratimis are initiated lias long been known to investi- 
g.-itor? nmi in practice. 

It mu':! he tinted, however, that iti tlio given case, tiiis concern.? the values 
of tiie paratrielnr.s of tlie .system at the stahiiily hounclarie.s, and not the 
amplitude value.? of sclf-excited vibrations which depend upon llio character 
of itu' tio’ilinearity limiting tlioir increase. 

hi niacliining “along chatter mark?", the stability of the system is sliarply 
rediicrd. This follow.? imni an analy.?i> of tiic characteristic of a disconnected 
?y.'f*-m, v.itii dedayed feiHlbac!:. lleganlless of the time lisg. the system will 
be stadde if .d ■ , -gf I. .Since .-I';;, - ,1.„ this condition, in accordance with 
iqiialion is complied with wiiin) tiic' characteristic ll‘,;i., of the discoji 

m .'ti'd sysi.esu i? to tim rigiit of the .straight line /m.. tlrawn parallel to tli 
ir.uiginary axis tiirougli p<diit ( — ;0) as slmwn in Fig. Itl.a. In the cas 
i'f '!igii-?pevif m.aciiine t<nds operating with multiple-edge tool? and in grin 
in,:, tie- 'tability r.'mge can be extemlei! for certain cutting condition.? (speei 
rcvd' .uh! d>‘ptli< o! cu.t’i. The pi.s?il>;Hiy of tliis extonsio!) is determined 
turning characirThtic 15.. in plotting 55*.;., in sncli a manner that it d 
a g iro'i.mp.!'? p.-dnt t — I, jm). In such case?, the time lag is small and n 
tn*' (''‘['it'd o', V ! f'r.i * !..!iS o* the .'-y.?tem. 
j t -'''' ' V.-r. hine I.ig i? large. .?? in tunii'.ig steel jiarl.? of inotlimn 
*■ '-'c tO’.? p. (of extension) i? jiractically excluded, 

h. v.!<! rcc.di' i! lii.o tiir- {tto.e l.'ig iji (ise Insf 
> ;i‘* r -v.uut .if !|j,' •.vf.r-.'itiecf, 

m.'cii;;,:;..: '''a’; .■ mul? irde-^-dge tmd 


cn.?e is equal to the 



whore z ~ number of ciitling friillor itolh, ric ) 

n = tool speed, rpm. 

The special feature of prindinjj, mentioned in Sir. 12-1. Is the rHirtrf 
wheel wear on the ilj-jiamic propirtios of the sj-tem. Primarjly. lhi« i* 
manifested m the \anaiion of the tune la- A «hort Hree .ifirr br-ii.nr.' 
work (and praclicnljy durinij irujoj:, in«ofar as the nh/el t* coiiorncS) vi j^r< 
appear on the surface-s of the workpiece ami wheel dm to forciil Mhntifr.'. 
From the point of \ icw of the workpiece, the wheel hcctunes a I irid of ’■fniil- 
ing cutter" with a nuinhcr of "leelir equal to the riumhir of w.i\i'-. while 
the workpiece hccorncs a sort of '•hro.sch*' which we.ir< down ll;r wl.etl. 

Tlic la? time in this c.i®c is determined hy the fi'Ilowmj equation-. 

(1) ill feedback in re^pert to the “chatter marU" on the wori piece 


(2'ih) 


where n„j, wheel speed, rpm 

=s number of on the wheel penpherj; 

(2) in feedback m respect to the “chatter marl*" of 
(a) for cylindrical cnndinc 




(h) hr surface crindirtc 


wltiel wear 




(2'iO) 

(2i0) 


where find • diameters of the workpiece and wheel, nspecthcly 
5^* iiuiiiher of waxes on the workpiece periphery 
r„ tt.ne pitch on the ‘urface beint* ground 
v, table (or work) speed in surface grinding 
/ frequency of Mbratious {frequenej of w.^^es on the 
workpiece *iirface). 

Thus, machinJjig “jilojig chatter marks' reduces thestahihty of the system 
hy one lialf, at best, and by coji'idefahlj more (ft ordinary c.i*ps 

The most convenient p.ir.iinptrr for cstiiiiating the <tnbilil> m calcuhi- 
tvons Or experiments is the lirnilitig width of undcfnrn'ed chip that can he 
removed on the inachino tool wilhonl ihanger of \ihration'' and dig The 
boundary of stabililycan be expediently plotted in the ro-ordinali^ “limiting 
width of undcfornicd chip v.s cutting «pecd (rpm)' ni xaiiow* feed* since 
these parameter? determine the output m machming It) roiiiparing the 
stability houndanc-* «c c.m make a relatuc of the performance 

of different spociinrn« ol the same machiue tool model cliflcrcnt models, 
different conitruction* of cutlmg touU or fixture*, or diOerent set? of cutting 
conditions. 
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It Pliould be noted, however, that the stability boundaries cbaraclori/e 
the margin or degree of stability of the system only indirectly. 

In calculations, the margin of stability can be conveniently estimated 
on the basis of the length of the intercept (in machining ‘'without previous 
chatter mark.s”) 

(l-/?cd„) 100% (2.fl) 

and of the phase angle through which characteristic 11%;, is turned until 
it intersects the negative branch of the real axis at the point witii the co-or- 
dinates (—1, lO). 

A calculated, and mainly an experimental, estimation of the machine 
tool system can he conveniently made, employing the .stability factors of 
a closed-circuit system in respect to external actions. These factoi-s are taken 
for a potentially instable form of vibrations of the system (i.e., the form 
that occurs when the system loses its stability). Tho.se vibrations are charac- 
terized by the value of the natural frequency (o,,. 

The stability factors are of the forms: (a) in respect to external action 
on the EES {A^a) (h) in respect to external action on the cutting jiroc- 

OSS ■ 

The procedure for determining .•%„ and A,i,i has been described above. 
For making an experimental estimation of these factors, data are used con- 
cerning the vibrations in cutting and the vibrations during an idle run or 
periodical variations in the machining allowance. The corresponding equa- 
tions will ho given below in considering forced vibrations. 

It may prove convenient in many cases to make an estimation of the 
machine tool system on the basis of how rapidly the stability factor varies 
with the variation of some parameter of the system, for instance, the depth 
of cut, feed, lioring bar overhang, etc. 

Lot us consider methods of improving the vibration-proof {irojicrlie.' 
of a sy.stem. 

The role of the elastic system is completely determined by its dynamir 
characteristic which depends uiion the rigidity, mass, damping ability and 
interaction of the various oscillating circuits that make up the system. 

The direction of the action on the elastic system can be determined by 
applying a gain-phase stability criterion. To raise the stability, it is nece.-- 
sary to reduce the radius vector of its dynamic characteristic, especially 
in the regions adjacent In the negative real axis, and also to ensure smli 
an arrangement oi the characteristic in whicli it does not intersect tin* nega- 
tive real axis. 

One of the principal methods employed in practice to imfirove the 
tion-proof properties of a system is to increase its riiridity, as a re-u y 
which tiiP radius vector of the characteristic is correspimdinely rede. ' 


u ..nc rrrofj in nianufafturiiij: tlic* parts onj in all U.<* 

tlcments inaVin? up tiip iM.ichtnc lixil Wattle system Jr.t(l tn a n’lluffinti 
in the stability ot the sj stem. One of the m««t common and •■"fiitia! { m>r* 
in the inanuhicttire of machine tM,U with a rotary norlin? rK.tmn 
milling machines, etc.) is out-of-roundness (ovality) of the b.;rr in which 
the spindle beanne is inslaiicd. The ri?iclilj of the spindle l i.irin-s. in this 
case, differs in different directions. This creates n co ordmale interhtil in 
the system, sharply reducinir the «tabiTiiy. 

In most cases, oiit-of-rountlnr^s in the bore is .n result id errors of Ihcbonnc 
machine in which (he machining was done In siicli ca*cs the {'<|uipr>cnl i* 
re.iliened or rcle\eIlod and the bore is m.icbined a '< cond lln.e. M a Ia«t 
result, the outer tins of the bearing can be locally riictalired tn oJ tain an 
oval form nnd then filled tn the bore 

Sometimes distortion in the shape of (be bote is due to deformation nf the 
hcadstoch housing when inrorrrctly located f.i*fe«in;: holts are tishtinrtf. 

Xonlinearilies in the fnriri of cle.iranfes and bacVla*!) are found fspecMll) 
frcquentlj’ m inaccurate wantifsctiire and adjustment of spindle hearmes 
and in kinematic trains f^Tce'sixc tfle.sranfe* in «pifidlr bearirfs •iihMari- 
tially deteriorate the s ibration-proof properlio" of the «)«trm. 

If the .system is sufficiently neid. sibralicn c.sti be eliminated both by 
lowerintr nnd rnisine the euitinc spi-ci. If the speed 1« incrra«rd. the p(e»i* 
illily of the occurrence of vibrntioiis of lurher frequency should be coini- 
(Icrcd. For e.xnniplo in lionnsr with a bar in a lathe, \ihratirns of thrtr 
frequencies— about .'liti. over lOfHi ond «\er cp*— ^pplnT^J con^tcu* 

li\cly as the cilltitu: sprui was s.iried The fir«l fftquincy turiifd cut to be 
near to the flexural o<i i)l.ali(>ti5 of the bonn;: bar. the second to the lf>r*iona1 
oscilJatinn.s and the third to the fleitir.sl ..«cillatif>r» of the bonne bit. 

In many cfl«e<. sibralions e.so be effiriently riimifiatcil lij simply rbortr* 


inc the cuttinc speed 

Tlic effect of the r.ile of feed depends upon the speed ratine employed In 
the mnehiniue operation, the \»hrali*'n-pronf properties may fe 
improved or detcriurjteil with an inerrase in bed In ruimdiinr or semirnL*h 
iiiachininc on ni.ichines nf the lathe ijpe when n hiph-spcrd steel 
hide-tipped tool IS u»od. .in inrrease in the rate o! lied will u*uslly cenlntiute 

to the elimination of low-fn-qurnry sibrations. , ,,i 

An incre.ssc m the depth of n»t m a Jnihe which determines the w,..tli 
of undeformed chips of rccfanirular cro** «..iion*. always Ic.sds the n‘ 
nation nnd intcnsific.ilicm of vibrations iteduems the depth of cut 
male low-frrqupiicy vibrations is a simple measure but K 

lial reduction in labour priHlurtivity nnd can thus be nsort • 
certain cases. 


• In tuininf with • tocl hsMnj? » tsi* areV 
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It i- to chani'o tho cnttif!” rontiitioi^s 5 o a? to t 

to :i (hfiV-rrnt form of vibration^ \vho5f‘ oHiniiiation can bo accompli.-^hotl 
by Another tnofiioii. for ins* nnro Jiv notion nflV-ot iny tho olasticsy 

^ 5 o;!'^lr*■-; for eliminAl iriy too! yotiyiny and diy nro sinij'lc in prin 
.ind cori'-i^i in proporly eotliny np tlio sintrlc-point tool, sottinL” the 
iip-ifie tiovon. reducing lf>td ovorlinny. and iiicronsiny tlio riyidity o 
elastic sy.'letit and roduciny. at tho sarm; linn’, tiio difftrotico in the j 
c.ipn! riyiditio'. 

An .uiaiy.-i- of tlie lonchitjc I'lol dynaniic system in idlc-nm oporat 
earned out in cinnoction with the selection of parameters for the dn 
ehi'^tio system or friction, does not in prinrijilc differ from tlmt descri 
aimve. popular opinion held by specialists and fmind in literatnre on 
subject is tliat the "droopiny" cbaraeterisl ie of friction in resjiect to voloci 
or the difierenro between the forces <,[ s-t a tic friction and of friction of nioti 
iias a cons.iderrdde inilnenco on tlio stability of travel of jiarls in a machi 
tool, I'iie second of tliese. factors shall he Ireatoil below. 

inve'^tiyations sliow that the “droopiny" cliaracteristic of tlic frictio 
force', in llio same sv.ay as the cntliny forces, thonyh tliey have a considerab! 
elfect on tin- mean level, especially of tlio friction force--, have no .'•iynirican 
effect 1)11 the stability of tlie system. Tliis can be explained by the inertia 
nature of tlie processes detorminiriy the rhararterislic. for instance, the 
(irocf-'-' of notation in mixed friction, 'bhis inertial nalnro rodnccs tlie slope 
of the characleri^^tic to a yreat deyroe and corresimndinyly retliico.s the vari* 
ation in the friction and cnlliny forces upon variations in slidiny or cuttiriy 
speeils. 

In analvi'iny tiie stability of the system “at larye", rerjiiired in eonnt-ction 
witii the piesiliility of rcdaxation in idle travel of tlie units ('‘sticb-slip" 
piieiiuinena of slidiny units at low speeds) or in cuttiny, of main siynificance 
IS tile nonlinear dejjendence of the forces on the tanycnlial displacement de- 
•■'Cribed in Sec. 12-‘'i. The difference between the forces of static friction and 
friction of motion, which is small in Comparison to the maynitude of the 
triction force and may lit* absiuil in vibrations, is not the yoverniny factor 
to the initiation of self-excited relaxation vibrations. 

.>cdi-excited relaxation vilirations are iderilined by the foHnwiny condi- 
tion b.i'^ed on the pre'Onre of stops: 


where .5 amplitmie of tile vibrations 

w natnr,!! frequency of the system 

r ' Velocity of the yiven motion (cutlinv or slidiny). 

'i luve vibratiicis may be of two types; f.a) without rb.'ire/e in the si^n 
of tiie velocity when the amplitude of tiie vibration <.{ velocity ,d<'/ is equal 
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10 lljr civ™ volocily ol nollon ,, an.) II) Kill, a flan.-, in ir,- v-n (f II.. 
\pIocilj% «hcn /to > 1 -. 

ipon \/tr.itiofi« of f/ic fjr*t type, the furee \Arn-< atunj it,o f,f«{ , > 

the hysteresis loop sLown in Fj>. J;»J, Upon vifiMtjpn* of u.^ sf<-,^nil txr-'. 
t|jc second half of tlic loop i< co>irf*J. in ju tfio firt 

charaettmw tJie >nrjalion In iJie force nhkh ihe 

of (lon« If jfic tno JiaKos of the loop .ire f/jtnl, i\ fcalnre fh^r.'fteri’Ur 
of friction forcr<, tlicro can Le only one sclf-o*ciHaiifi’ recime nith an nt-iplt* 
tude that docs not \ary with a \arlacion in velocity, ami a frcTtirncj li tl 
incren^os twfli rtn incriMtc in «cIocU\ 

Tlio ch.iraclrri<lic m symmetrical fur Ml-ratiof* of ific fr*! t'pi- 
and has tlic «aiiic “liapc as the characltTi?tlc of n clrarancr wilfi a luMtif.’ 
feature 

Approximnlo r.ilcul.iloms are carrovi hj- the dixcrihirr functi-'n t-.cth'-f 
of innilincar intrlianic' In empluyiiii' IIil- mellHnl. a clf'*eij*firet3it 
is rcprc'cntcd a« of two oleim-nt« linear and nonlincir In the 

case in Minch the rh.ir.irim-tir UVr« "f the e/fun.^lenl rh«tfc S)*«trm can 
I»o roprosenfed In a •‘inuh’ normal form, the characIrrMlic IT, of the linear 
part IS of llic tlnnl order and equal to the prmliict of HVr< ch.incter* 
l«lic ]Vj of pre)imi/iarv d»«plar»*incni 1 he latter deicrnune* the lornittlo’i 
of prcUutinnry di*'|i|ateiticiii in frotom c..n(act or m the cuitin? rone upon 
deformation (if llie ('(junalcnt ela«iir ‘>«tem Fi? I'H «how* the characier. 
istic of (he linear p.irl and iW two lomponcrit flnraetcri«tie* .M«(i «hnwii 
Is the in»er.*e ripjjtole/tf rbarar leri^l ir of the nonlinear Heininl whirh 
etprcs^CN the depoiidciiee of tin- di-^cnhiiu* function on the amplitude 

The intersection of c|ji< ch.irafi«-ri‘«ii. i.iien with the revere sum with 
the cfiaraclcnstir of the linear c»w-. the 'ell c^cdlatinj rrcime ‘olu 
tion fali«f\'inKst.a(n(u> ciidilion- corn'-ponds («» point d of the intc.-^rction 
The aiiiph'tudo of llie «(lf cxeited vihratioii' is dricnnined frum the ch.irac- 
teri.sliC of the iioniine.tr element the froqiieucs from the rlnrarleri‘lic of 
the linear part. 

Upon an incro.i‘o m Ihe selorils of motion the conthtion lor the occur 
rence of .«elf-ctciled \ihrations of the lirH t>pe requires an mrrra'e in ttic 
Amplitude. .\s the amphlude increa'es thirr i« .i com-porulm* »ncrc-o 
\M the height of part of the hfSt half «f fheh««»err«»* hnip i e the wj.'nj/n !• 
of the \artatton tn the force of fncimn or lu rmiiii:: upon Mt'ntioio i' • 
Amplitude reaches its m.isimuin value at the ful) heiidit of ito — 

haU-loop. le. when it is equal to the whole f..ne -( lnr*iM ■ 'I' 

This condition senes as the i»a<ts for determinm.’ Ho j i' ' 
of travel up to winch self-oicited re)a\.iii.>n vihr.«ii- o' ’ " 
exist At A Ruen %.iluc of the force and » rivch .ti.r. 
lent elastfc s}<{C!u. Ihe /rrqueijri id Ho ' 
rcutains practie.illy con«tanf upon s iri.oi. 




I’u’. ln'<iii<'iKy (•!iar;)rttri~iti‘- !(’.■ o! the liinvir (i.ijt nf a ntnl it'' 

■•h:u-!it'; li'ialhnar (inv.-t-c i({uiv;i!<tit rhnrnrti'ri.-tir) 

l'u:i!u‘ I’.'l' yiiowj the variatiim in tlio amjilitmit* and frinpicncy of 

IV la. vat ion vij)r.ilion< with tho travel velocity. 'J'he curves wen* 
plotted to data calcnlale/1 jty the ahove-de.'-Trilti'd method. 

llie dependence of the tinie constant of preliniintiry displacement on the 
travel \elocity nial.os it p(V-<ihle for a lower honndary velocity of .self-evcited 
reia.vatiou vihre.tions to e.vist, he.s'ides the np[)er homuiary velocity. Self- 
evcited n'lavatitm vihralion.' are ah.senl at veloeitie,-* of travel below the 
iov.er huumiary velocity. 

io ehnoiuite .s'elf-evcited relaxation vihration« or to reduee the ranu'e of 
their eccnrreace. it is necessary to reduce the value of the friction force or 
etutnu; force hy proper select ioii of the materials ami luhricanf. by relievim; 
tiic load o!) the friction .surfaces, by re'lncinq the nndt-form*'ii chip width, 
i-'c. Mr.i-ures .•ffectin;; other parameti-r.- t>{ (fie uoniine.'ir charactf'ristic. 
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. 190. Variation in the amplllud*' A and / «>f •«1f piritrJ rrlit alien allrs* 

lioa^ nith tlif travel vp|(>-i()- 

h ns a reiluclion of its slope, re<luclion of llic* prrniaticnl 'cl, i.c.. widlli 
the loop, ole., nrp ot advantage. .\n incrra*? in n'piility of the •ystem 
1 llio tlanipincr ila' potentially ui<taMc norninl form of viliration* of tlie 
S compriic one of (fic mo^f rmportant pt.iCtieal oiefliocN for eiini{na(iii2 
'-otcitpil relaxation vibration*. 

he application of special lubricant* with active additive*. *iicli ni the 
•let lubricant, ijr.iile lini!IIIin-VU. can crcatly lnerea*e the stability 
ravel ot ports and units of machine tool* Varion* inetliod* of elirnlnotlnc 
f-excltcd relaxation vibrations in c.i<e* of small movement* or displace- 
■nts were inve*li2ated b> \. r»*h 

•lothods of raising the degree nf «t.ihilily “locally” upon iMvel of the 
chine tool units are similar to the methods described for Improving the 
ration-proof properties and coii»i«t m ehinin.ating the interlines in the 
livnlcnt elastic gptein. incre.i«inff llie rigidity of potentially iii«laMe 
ins of the EKS. reducing the rorfficiriil of friction, etc. 

leviations of the svstrm ujion evirrnal ncHnn*. Thi-<e deviation* ore the 
«l important indices of the dyiiamir performance ot a machine tool since 
y detcriiiine the piv««ihiliiy of acincxtng the*pec}fie<J marhiniwgaccHra- 
iinder conditions in which the d>n.imic «v«tein i« in a stable st.itc at mnxi- 
m production capacily 

-ct u-s consider the liehaviour of the che-eil circuit dynamic sv*tem of the 
chine tool in the procc-s of cutting upon external oclton*. i e . .actions 
it do not vary upon deformation of the s>*tem 
riicsc actions c.ui lie divide»l into two group* 

. rxlernal force .and kinematic action* on the El'-S. denoted in Pig IKl 
the arrow- / (t). 




ANAI.V: 


> IN' MACliINK Tool, 


'J.. Kxtvni:i! «>:i the w.-rkiis- pri*ri,\'<— dsU iiiL'—and doiu 

f'i'A. l*y Uio arrtiw ’j li). lu flif’ fuilnwiiu'. we .‘■•liaH on!l this 
ah;;;!'.:* - in nilji.'-! inm* . 

Ifir' Sir,-; rrnjip inrhiilc.-; 

(:n pi ri'i'iic forr>'- and itnp.K’!.- t r.uHriiil tod to tho ftumdatiiiu o 
ntarhiiH- tool tisrnuidi liiO anil inni! vaiiAn.- oxfrniu'nHs ^niin’Or: of di. 
aiiov (tr.ifno. (•■pr-rat ion of powor lianiinor.'. <'onipro.'--'or5. otc., in the i 
diatc viciJiifv of tlio rn.irfiirio tool): 

(!>! fi)r('(- ori'„*iii<!tini' from ii£i!>nIanro id rotatin'^ ronipo! 

irMiiit.- of rdf-rtrir niotor.". primlini: '.vheols, filnnkH-. (.-Ir.): 

(r) periodic force-'" orioinated dm- to etTor.-' in tootlicd oearinir. mniiinifi 
i ! y of aiid the prtvi'iice of helf joints, errors in spline ami i-t'y joi 
ini-iaiinninenl of coiiplinits !Utd clnlchcs. nominiffinnit y id the ruliino m 
hers or vr.ivine.'S of the mces in hall and roller henrinirs. etr,. as W(dl as 
pii!>alin',r loads of pump' in the hydraulic and liihrica* ion systems, e 

(d) variable cnltini: forces r.-.-nltinL' from inhomopeneity of prind 
•.v'm-i'ls, workjtiece le.alerial. etc.; 

(e) variable inertia forces ileveloped in the reversal <d I aides, rams, sli* 
•iiid other units in machine fools with reciprocal inp motions; 

(II pe.'-iodic force' of ultrasonic fre<[iienry. .art ificially produced toimpro\ 
the enttinp (irocc'S and to oht.iin a hipiior class (d surface tinish on ll 
marhincti surf.u’vs, 

A feature of fhi' irroiip <n' actions, with the o.vceptiun of (ho last (mo, i 
ib.at llicy ni.unly h.we a detrimental cifeci on the tiiiaiily of machininp am 
on the serviee life of tlo' machine tool, iience, efforts should he made, first 
of .ill. to eliininale them. .Metljods of rediicinp their effect on llie ({iiaiity 
of the work[)iece will h" mentioned below. 

i'he src'imi prouji iticiiides; 

(.A v.'iriabilily of the nndefonned eh.ip ero'S .'cctioii in millinp; 

(ii) v.iriability of the nndefornied chip cross section in machininp inter- 
tap'.eil ^urlaci-; or Idani.'" v.ith o x.iri.ilde machininp allowance (such coii- 
ditio:!-: no"! fr>-ijue:i!ly occur in he.ivy m. •chine tools in niaidiininp forp- 
or C i't illp' i; 


!c) vi',ri.‘.i)iht 
ru's- cep of the 
cutter,, .tc.'; 


y o! tin- nno’ctornied thip cro' 
v,.ir’/:piece (sinpic-piunl toots. 


; section a.s tiie tool fei-ds in and 
twi.sl drills, core drills, .shapitip 


l l) 


r,' j ' 


’ U-’i t(; 


i.diih'y Ui the n!.=''n!t!!>Ii' or direction 

I il-c,i;it fid tool-; 

i.d-ahty of the cut : inp spei ’i m fncinp 


of the feed uiofions in tiecer- 
in a lathe or in Inrninp non- 


tl ' 

h‘ 
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an- a^'o.-u-ti ? v.ith feaitire,-; of the niannfnctnrinp 
ic uly !!a[i i-si-.lo to elihiinate them (v.ith tfii’ e.vc('[e 
. I'l nia.cliu.ifip ;!liiiv,,inee,- which should !>■'■ reduced 



J?-s. A.s-ay.Hjs ot DYsivic rcnrwv wcr j,- 

Lprovinfi- »,o locl.iliquo of I, but maoobrlnrfl, Ilrcrr il i. 

Jnce liicir cffccl on tho nualiiy „t „Khinte. ^ 

I llic obovc-listcil Mii5ra](3i) lo l),r imliitiM (fcornloi f, rtriMttj 
01 Itie system or aperiodic dHptacccnenl ol the i;nii« la the f,vjv.o 
actiinc looi oporaium. ll isnni jlna}*? po^siWe. fp.rt tfi* rn ’c of 
ntions or movements, to find the rause of thP,f imtijti. n 
jO foilotung methods aro used to meal thesowree of an inffumfe Tcti'-' 
he machine tool; 

Frequency analysis of tho \ilratimi« of the «.vtfM an.i a n 

icic frequencies willi the frequencies of pit-^iMe of th'* <!t*lv.rh- 

13 (speed of the rotor of an electric motor. jrnn.Ii-: «prvl, 

icy of pulsations of a pump, the munher of tie r« the fidli;-’ r-u r* h.T* 
heannq pass through tho loadxone. the nntrhc* »■! i- t-hie? ruAcn f!ii< 
uating gcar^. number of enlne? of tnilliag rnttcr tcith into the wotl- 
c, etc., in a unit of lime). It should he noted tint the ni'nlmnnij i.f the 
cm and the complex nature of tho disturhanci-* Ir.vl to ih<' Iniil.itiori 
orced vibrations, not only with the main frequenev of ilio di*liir‘i»rirr. 
also Hith the iiatorat frequencies of the sj'ti-m 
• The switching off, removal or replacement of pfxuHo «.!urccM of (h4iutii. 

0 followed by an analj-sis of the result* of thn r'fi‘»rc U i-* pie-iMr, 
Instance, to switch off the electric motor, yumr* or •‘piiidU’ rotation; 

replace bearings, gcari of a nuf//n? cutter (hj a cutter >ulfi a difforr-it 
nber of leolh). etc. 

'o reveal sources of dirturbance whuh are tr.ijivmiiteJ thnnigh the fiit;n* 
ions, tests ore cfinducicif when ncichh»urinc fh<>p« ate imu m cporaiii'n 

1 there is ho traffic, etc . for eiampU* at night -r n d^^ <1 re*! 

The second method is tho one mamlv cmplojod in practice hut it rrqum- 
large labour input and does not alw.vN'* pf,>Mdv ttie d«*»ir.it)fo nv,,tts at 
eo. U pre t . tluv melhi.d with ll.e 1 nl 

-•Ihod, evt ■ • 4.! Mbrau.-n fT.niuriMMnl 

'paratus. ■ ' lamv. nu.Turt-* are taken 

reduce its effect on the machine tmii »i>nai«K jv^wn In «oinc f.i*ra it t* 
‘s'iblc to completely climin.aie tin* •‘.lan-o ‘d dt»t«rhMici' for iiiManco 
move a railnnd line farther fr"'’' the «h«‘P to n-irr.uci* iho cqnipn itit 
the shop, to replace n bo.triivg h »' mg a « n s tU( <'r ndlcr racr. «tc 1 1 
us cannot be done, measure* .ate tAkvn v« wdute the mirt tiiy <il ihr di* 
irbance. Such me.i'un'^ incImN* h.»Uiu-i«g r-'ijtinc iroii'p, crm'ling 
heels, etc), u-lng tools timlling .uit.r* !.t..4vtv- ^tc i pruMvIing a fn.,rc 
radiial variation of the iindcfornt-l rhip rn-s m'cik-i. u'li.g a lomh «uli 
pilcli »t ll.c «M1I, ol 111. -urla^ irwl.iM.! ■' » "'"‘f';- 

IP piwsibimip. inJlcalpJ ■ib"'P I'". P.bao*li"l 'rn “i" "n n* 

> i-iohile the aj.«lcm from the sower* «l di-turtiancc 
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A::n a*.'ai.'i~z5 




Tool, iir.?!'. 


A Inr.rf'- nntnSx-r uf (iifjV'n.nt iuaivihrAtion ilcvictv have hcen (lcv( 

Thf-y an- fiiicfiy to iyoiaff Uk- froin tiisfurltaitrey Iraosi 

tiirn'ui'h jIh' 5 . Ill ..r (..imtintion plnU; «i thn shop, v.v!l ay (iialurl 
tnif iatf 'i hy al'-ririr motors niiti hydratilic .‘•yalciny. 

hi !hi- !ir^l I’aya tlif innclunr fool i? iiiytailpii on a aparinl foiinil 
('ii;iipri‘"irii.’ a ina.'-'ivc roni’rati* rube yiiypanik'il oa >priiiU'^. 1 ho niayy o 
foiiiidntion aioi thr- riifidify of fho ypriiiiis arc yoloctoti from the coiid 
tlial the nnuiral fraqm'nry of vihrafion^ of (hh <y.'l«'in ylimild he remote 
the natural fre-queneifa of the yyslem. determined chiefly hy the reia 
di'-plai'toiicaty of the tool and workpiece, while the deneotion of the apri 
under file action of flu- variable weight loail (due to traversiiiq the vn 
or >iiiftiii;' file workpieci- on the machine) yhosild not exceed a certain p 
ine-'ihle standard valiu*. 

do i'olale the tnarhine tool from distiirbanres transmitted by the foil 
d.itioii plate of the shop, it is somi'times suflicit-nl to .«('parate the machii 
foundation from tlu- plate with a layer of sand, cinders, cor): or other mat 
n.ah luivin;! a hiqh dampintr capacity. 

An exlen-ivtdy used method i-^ the installation of tlu; ittachine loid o 
ant ivihratiun piuh or mats of rubber, felt or .‘Special synt belie ninterials 
a- wid! a^ Of) shoe-; of special coiistnici bm with sliock-absorbini' projierties. 

Ivlectric motors are .ahu installed either on sboch'-proof jdntes or antivi- 
iiration pad*-', hi many c.a-e-;. bc'l ns-nits; are obtained by a careful fitting 
of tlie jointinir surfaces of the maciiine tool and eiecirir. motor. 

A lealiratioii of all the mea^-nrc' described above leads in llie final analy.sis 
to the elimination of some di<t urbanres and tlie redtietion of others. However, 
the varialiility of aiijustments ami certain other types of external influences 
remain, and it is m-ce'S;iry to reduce their effect on the quality of machininq. 

The diver.-e conditions of marhiiiiiiir ami of tjqies of exTcrmtl act ions 
riMjitire that the reaction of the machine tool dynamic system, in the form 
<if relative displacenienl of the loo! and workpii'ce, he estimated in earli 

Cil'-'l'. 

.Next vvi- shall coii'-ider nr.rhiniir,' t'rrory- wliirlt occur in coniKCtiuii with 
the folbe.vine principal tyfu-s of external actions; 

!. Action'; siiat are coa'-lant witfi time and produce the static machininq 
1 rr.'r>. 

2. I’lTiodic ;ictiun‘= timt produce forced vihralions and the correspondinq 
'!c;tinm;ry ifyiuuuic machininq error.' in the form of uavim-'s, joiied-slmpe. 
<■!<'. 

•k Infiue.'ic* ^ in the form of rapid chanqe' of maqnitmhs (iindeformed chip 
er. ‘•(■v'tion, forei-, ele.) {rum one .-leady-state vaUu- to another and pro- 
dac!;!!’ tr.ui-tiul dynamic error. 

1 he rU:l:' ’"rti"' dcti rminc-' tlie ma.qnitude of tlie HKtchininq error, dm- 
t*> •h foramtion- uf the- sy.'iem at coiotanl cuttinq conditions. \ ery ronven- 
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Fig, 200. Machining cKors bj yarution* in the aachtaine aJJowi 


‘«nt m esUmalmg Ui€ sUlit error is “accuracy iJuprcri'Piflt'ui'* uhicli Mn« 
proposed by K. Votinov and applied in process cnginrerlnc llieory by 
V. Soirolov.-sky 

•‘Accuracy inipro\emenr js llie ratio of the liVc crroiN of the Idank A 
ind the machined workpiece 6. shown in Fig 200. Jn itirning a siiafl, (he 
variation in the machining allowance agrees with the \arin|jon in dlanieliT. 
iUt-of»rouDdness of the blank agrees with the oul-of-rourdnt-s*. taper of 
he blnnk agrees with the taper of the machined workpiece, etc. 

From the point of view of the processing engineer, “aceur.icy improie- 
nent" eaibles a relationship to be established between machining accuracy 
nd cutting condition*. It is possible, in llii« case, to determine theciitting 
■onditions (speed, feed and depth of cut) which will ensure that thespeci- 
led accuracy is obtained, or determine the machining accuracy attnin.ible 
lith given cutting condilions. T)ie s.ime accuracy improvemcnl is nscd 
0 determine the effect of the processing rigidity of the «y«ipm on the 
nachining accuracy. 

In accordance with equation (2J5), wherein *= b and y ft) »- A. we obi.Tin 
or oj — 0 


6 = 


. KpKff'f 
1 -^Ki-Kiis 


( 2 i'l) 


nd accuracj' improi ement 


0 


-1 + 


Aretes 


(•■ 


'•) 


It is InoOT that in ""“htning itotkpireK oriiomostneou, inatenan^^ 
constant ntach.nins allowance, the eject ol the 

1 in other words, tlio static error oi the sj-stem can he comreosatej t.) 
uitSle adjustmenis. ito.erer, tf the „sid.ly o! >''' ™ '‘■/S't"; 
he machinms operation, lor eiample alonp 'he lensth ot a .haft Icini 


AN!> ANAt.V'-i.*^ 


:!Ar.ifiNr: Toor> 


;ur;i< '! or a cljai.c’o in thf ovcrliani.' of n 5tn!( liftririir !>;)r. nu fuldi 
isi.iriiiuinf' fTfor appaan-'. orrur !!Ul^^ hv I'liminnlfsl. in !)if' .‘•nmn 

.'t> t!io cnor ‘liic to a varsahJo inachininir a 1 low.'. nr t- f)r varial'In han 
o' !!if> t.'iitl/'rj.il. iiy inarhiniit" in M'vnral pa'^'C,' or I'V ^iiitahlo 5 ('h’> 

of f!ii' rate- of fof'i, 

A <!ir.ft in'iftional n-lntioii‘-!iip ln’twocn tfic pr<>c(-~-;in'f ric;i<li!y (A;l 
^!^nr.tr!(>ri^li^ of tiif- cla-l if. K-y.-lf-m) aixi inarhitiin'.' afcnracy is alntovt iji 
icrial.lr’ ixr.iu^f of t!if‘ inflin tiro <,f i.thf-r fartors hf.'iilr- iho {iofonnalii 
of ifi*' .-y.-'toHi. Tills n'!aliot)*.|ii{i ho’Aovcr. in a more fomiilcx fo 

tho so r.illr'l corroiat ional link. 

AVr.tr.'c ui fii-' r/t.''-' o/ jorcrd rihrrdion'' appoar on tin* mariiini'il surfnre 
file form of errors in '•liapt- (loln-il-sliape. eif f. waviness nr tnie roirri'iniln 
tif ~ lii'pomiiri'.' upmi tiie ratio of fhe siro of the siirfare to the wave pile 
,o v.rii i's nit lie- (lireetioii of the formative inolion i.f the too! ami the ilirei 
(lo'i m v.iiieh mea'-un-ne'nts are m.nio. 

(ir. en the iMin-pliase freiineney eharartcre-l le of the flisf.iiinei teil .sy.-tein 
from •.vhirh the slahility in enltin;* i- ii<-t» rmine(i, there i.s no (iifl'uailty in 
I' limaliiu' the variation in (he amplutiih- of the foivdi vihralioiis a.'^ a func- 
tion of tlieir frecpiency ami t !t<‘ stahilit y of the .sy.slein. It is important to 
differentiate helwcra the two irrmips nf external actions mentioned above: 
force or kinematic actions and clmnoe.' in adjiistiiH-nt (in tiie '.'iveii ease Ihe.se 
.ire X ihr.U ional). 

I.tata on actions of the llr.sl er.mp .tre ii.siially available in the form of the 
freijuencies and amplilmle- of xitnatn.n of tiie too] and workpiece, i.c., 
of ihe eliislie sv.slmn of the machine toni, under conditions when the source 
of disuirhanre is activr- hut iio cnitmy is jieiiio rioue. Siieh are vilintfions 
measured ilnrimr idle-rnii operation >>1 the inriehine tool, vibration-, from 
the- foundation me.is-ured wlien the marliine tool is switehed off. etc. 

It.ita on actions of the second ermiji are available in the form of theamjdi- 
tilde of the variations in undef.irm.-d chifi thickness and the frequency of 
tlie-e v.iri.’itions. ()f this i;nid. Im,- ex.unple, are data on tiie variability 
.if the iiiideformed chip in miltui.:. m tnrnino an eccentric hl.iui;. etc. 

In cuttimy when the m:iclnne to..l dynamic, .system heroine^ of the clo-ed- 


> liciiit tyjie. t!ie above indie.-, ti-d .imiditudes of the vihr.ttions ar.- ehaii'.’ed. 

lire aniplilude A> o/ fii't'-'! r ; m cittdrt',’ (<r (},•• atn[ilih:i!f af thr 
:r ei; .' ur/i; r-, t jrUrii‘’.l jure-' kin-'iurj.v' i*- 

> qu.i! to tile amtditude -1;- of if.r.it unis of ihe elastjf •-v-'em wlif-n rui eiit" 
tin;’ t.'iki-- pf.ic'-, dixide i by the -i,.l)(lity factor in re-qiect to external action 


i>!i tfe- f hu factor is determini i 

tiTi-tic Ilf <>!.. disculiiu Ctl' l systi-:;, 
t ‘ 1 r .1 , I ! 1 ! s 


from the q.iiii-pha-e frciiuency cliar.tn- 
the amplilm!' 'o.- tinn iule) of ver- 



i2-S. AVALYSIS OP D1^ASI1C TErronM 


The ampliludo A„ ol vihrnttons or Iho ECS due to exten,,! oclion. i. 
determined m measuriiic the vihration level el II, e machine tool on an idle 
run (separating out the given harmonic component) or b\- calculaling the 
forccJ vibrations of the EES due to the specified external action. 'Ihe^e 
caJculations are done using the .*aine system of equations os in calculating 
the characteristic of the EES, the right-hand side of the equations iia\ing 
been suitably changed. 

For the most common form of characteristic of the system, at lotr vibration 
frequencies, A^a is more than unity and, consequently, the amplitude of 
forced vibrations decreases m cutting. At forced sibration frequencies nnr 
to the natura] frequencies &)„ of the instable forms (in which sclf-oxcilcd 
vibrations occur), A,, is less than unity since the corresponding points of 
the ciiaractcristic Iio on its intersection with the negative brancli of the 
real axis. Hence, the amplitude of forced vibrations of these resonant fre- 
quencies increases in culling The less the margin of stability of the system, 
J.C., the greater the Intercept the greater tho degree of this incrcaso 
in amplitude. In other words. Pie resonant amplitudes of forced iilrotlens 
in euttifig are alurags larger than uhen no cutting takes place. 

The amplitude of farced vibrations, inltiaM due to the larlablUty of the 
undeformed chip (sco Fig. 200), is equal to the geometrically specified amph- 
tudo Aa of undefnrmcd chip thicKness variation, divided by the stsbdily 
factor in respect to adjustment The required laJues are determined on the 
same gain-phase cUaractCfisiic of tho disconnected system Thus 

= (2i01 

Tile ampUlude \alucs (modules) of vectors .1^,. and arc taken for the 
given frequency of undeformed chip thiekne"i variation. 

The ratio of the ^ector modules may be either Ic-s or more than unity. 
Accordingly, the amplitudes of xibratiou m cutting turn out to be greater 
or less than the gnen amphlvdo of xarialinn of the machining allowance 
’ll! the blank or of the undeformed chip remoxed by tho tool {inilling cutter. 
^roacU, grinding xxheel. etc) , , , . 

As in the case of external force actions in machine tools with the moat 
ommon form of characteristic, low frequency vibrations in cutting are 
■educed. Tlic amplitude ol vibrations at irequenen- near to tlic natiiral 
requencies of the instable form.. «ill vor,-_in atcorJaiice uilli the stability 
,f a system determined by tbc intercept Hen, 

At J)e;„ = I 0.5 1, vectors .1,,. nnj A„ will be equal o each o he ai^ 
herefore tho mnplllndo ol forccJ vibrations dot- not chanse; at | 1 > 
=■ Ee',,, > t Q.5 1 ,, the amplitnile ol the vibrations mill increase^ In conIrMt 
. force disturbances in a snllicicntlj stable ''’if" .'j 

arced vibrations .at natural trequencic can be siib.lanliall) 
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r.<r!».!i[ itiri--, for in-f :irtt'S' \vii>'n fhi- fri'qnt>!iry with 
;i ( lit i‘. vdiKil ?ti Ihf vihr.'*,! ional frcqui'noy i 

yy .'•nd quii-; !y ;i>- jf then' v.)*!*' jw ri'.'OiKiiH'/'. i? k 

njnralor.' who i that iiioy iijunatf “qoiiir or" 

iorSaul in nrartiri' cf \ ihval ioiw ihio to Iht’ vaiiah 


-•s (he "tii'i itir furni'' of lo-s of .-tahiHly iji riiHitur in inarliiiif fools. '!'! 
..I'M' h.!" hi’on roii^itlfTt'il altovc with coKMilor.'.l jnji for rs th'l, ■(%■('(! iiitcilin 
1 In- orr.ir of Ih" tnachitK'il workpiece in tlie prc^eiicf- of forrcd vihratiot 
< ill he ‘-hown hy ii'ino (he citiicept <if aci'iira.cy itn[!roveiHeii( . Two reason 
for •> ariahilily in tlie uiiili fonnei! chip cro-< section shoul>I he ilifferent iateil 
\ anahility of the machiiunt: allovcance on tlo' hlaiil: aio! variahility jiroiliicei 
hy the cntiiny tool (ranoiit of a miliiinT cutter, oritoiino wheel, etc.). In tin 
tit'l c,e-e, the work|iiece error i^ tletermined hy the lii-jth'irenieiU.'^ of the 
•w-tem: the larqer llnoe (ii<p|:icetnent‘^, i.e., the atiiplilinle of the forei'fl 
\ ihr.'t loin., the ttre.itt'r the iiiarhinun: error v.il! he. .\ceiiracy iinprovenienl 
o >teleri(une.l. ill tlii-' ca'^e, hy tie- ratio 

4 :r,: 

.'•huh c.oi he ttaii-fornieil, for a freipieiiry of ili^inrhanee equal to zero, 
quite il'.eiily into eqn.itioii (2Vi} eoiiceniin;; areiiracv iinproveinenl for 
‘!.iiic error in one pas';. 

What occni- in liie vrcoiol e.e-e is entirely liifferenl. The t-rror is trail'-- 
laiHc'l to tlie ^s■ork^liet•e front the too! an*! eipial to the iiifferenc(> hetween 
tile \ .iriaii'in in the iifiilefi'irineil cliip diie to the Iciol and the di'-jdaceint'nl 
'he ’y-tein. file inorc th(' .’-y.-tem iv disjtlaeed (deflected), i.e,. (he l.'irqer 
Me aoipliiude of the forced vihratioiis, the Mii.dh r the span or pitch of the 
on tie- workpiece surface. I’r.iri ic.dly. thi- iiieans that it i-: i ni 'hit- 
!■ > f,':.-' rcrry-c”, r o/ > rri r.' iru!:: thr h, //,•/* fcer/cfto-.-r- iti; 

:> • f. rii;;i!'ifp (•/ (/■;.' y'rtr'rn. 

\ r. -iiii tiof; Hi ricidily. however, i-- iinjit rini'-dlde .-ince. with a reduetion 
• ! tie- V. . 0 h ;o‘c,. error, nnla! reuioval !■- ■-iinuUaneou'-lv reduced, not to 
c'- ntioa ,itf,. r di '.riuient;:! re-iilt- of .-i ia- hiction in riyidity, liem-e a more 
i. dicd me.. -nr* to elirninale Uo- errors of tie- ciUliie.’ t<io!. 

fn op. ‘■.don,’ chatt* i' raarf;-'', th<- vahn -. ,,f ij,e . tahility facloi- 

' .'.e. Oio;.- .-.nd tL’'i7j ari- t;d eu acrordiny te, the rhct.'cieri-;’ ic U',o, 
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Th'‘ t rrui' if :i I, <!vnr(fnic (Tr*!" i? O'tiinatC'l !>y tin' tiinr*. iniiHU tio 
• 'iit.uiiiii ill tv/n'^tnirlisnr tin- IrAn-ionl prnroA’-'. 'r!ti> cosiKlrurt inn i.'^ 
liist Mi nt fiirii.'MiCf with thi’ 'Miov.-'i r!iar;i<'t(?ristic <<f the liiscenjn etoil 
! !h' c’l’> i :! irifi!i<‘!!f'i- ai!<! fh'' c.'ii'lil It i*; cfifi'.'f'iiient ti» (iete 

th<- ti.in-ii'.'il hy .'•iimtlal ion in an i-lertronir aiiain;: cotnpnte 

niiniher of eraphiral im-lho'l^ lie.ve hceri tii.-velopeii fur eonstrn 

;r.!n>!etit pr.iri\"i--. 

c"!! vf-uK nt priier'lnre is f he *'i r.'ip'‘/ei<lal nn'Shnir' <if cetisl rucliti*; a 
f-Hut pr"i:<-‘~ on the nf the real fn-ipietjeA’ cfiaracti'ristic of the i!i> 
liretf-i sy,‘!e!!i. 'ihi'-‘ charaeteri^{ic ran he ('i.nstnii'lt'>l with tlie aid of 
sn-.'alh'd cir.de diaeratn^;. Shown in Fi;:. llti! is the detiTininalion of 
paraiiteter.- of the real eharaetf-ris? ic /i’-', . l>y tneans of circle diaifranis. 

.1 lathi'. The rhararieri'^tir'i of the discimnected system <>! tliis lathe, 
re-pert to riiltin:!, .ir*.' ;di>tled on the diaprams. 'Ihe cliarac.teristics ha 
been c.drnlaled three value,- f>f the niidefornied chip wiillh. The cir 
ihairr.ini'^ anil traperoidal method- .tre ilescrihed in detail in many texllmo 
o!i aiiti'niat ie. control the<iry am! uill not he yiven more attention her 
I'ntnre 2''2 shows tlO' real cliaraelerist ie /f-„, eotisl tiicted for an iimh 
forna-d ehip v.ollh o where o.j,., is the limitin’.! iindeformed chi 

wi'Uli. Shuv.n also is the ’Aav the characteristic is hrol;en down int*) trape 
.'•nil- ami the l•onstrm•( ii>n of the transient proinss for each Irape/tdd. Th' 
-nm of Ihe-i' tr.iii-ii'tit prore--(- 'civi s the reeinin’ii transient process tliat 
o'<-(ii' when thi- tool smhli'nly lo-rins the i-iit, Of interest is the fact th;it 
llo' tr.!i!-!i til pr<iee"( s the loo! Ixpinninc llie mil differ, for Ihe varioio- 

nndeformc'i cliip wiiitlei, not o>aIy hythi- ma.vimnni <h'vialion. which increa-e.- 
with tiie nnih-forme l clii[i '.vidih, hot hy the rati- of decay. 'I'he dampin'.! 
dt cremeiit e<f vthralioiis Ml th'' sr-teni th crea-'’- with an incri'ase in the 
uiiiieformiii chip width, i.e , with a reduction in the depre'’ of st.'ihility. 
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i:.;' v< Ittcity 
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in nnn .ui'l ;n-vt r.ii [in- -t"' , n'- a .•-tat ioiK'.ry prin-<'-.-, ha-- alroaily hcaii coiiNHlcrtN' 

' >!> sr’. itii’-iiui" aiiii "'hvcU' a.r»- lypiral riiTfAcnta! ivt'S nf Iraii'^ionl jirniay'f 
i!u'.’ In c'lU.ita' anil nuintnu' mU oi' thn ctii. 'I'lic I'rrur.' tha 

appiMf '-vhi'Si a {iiaf nr nui'i mil nf a dU an’ lU’tcrmiiU'il l»y llm ilifi'i’n’iu’t 

in till’ imi’i Ilf till' I'f.iAtic sy.''li'tii at roru aini full iiiuniiiaf niiili,-fi>rnu‘ti 

liii': crrnr i.’- rr.'ilualiy l•Iitnin.■(tt■l! l>y rnn.'-'i'dil ive pai-i’a nf tin' ciittijii,' 
t.n-!, ,\( till' .'a.nif (irita tin- 4t'ft>riii:Ui<i!i o! tlu’ yy.-ti.’ni chaiiip’s frnm (tiic .finally 
^tan- I'liiniit inn to aimlln'i. Tlii' iliir.itiuii nf tin* Iran.'ii’ii! p^llt'l'^s oiinaiiU-raldy 
cMivi'- the tilin' for Hill' ravoliitinii uf tlio vn*r!.jii(‘Ci> (nrii* pii'--^). 

An.tly/iiitMln’ ir.iii’-ii nt v.-licn tin- tnnl I'litara fir li-avcs tlin nit 

. - a prill' in a ‘■y.-tnii v. itli an a'lilitintiai ilclayni intarlink liavinp a larpc 
l.u'. it can la- ’-hnv.n that it praccc’ils mrcorvliiut to tlie oxpuiu'iit ial 
t’linrliiai 
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Cali !>f- con'-iilori-'i to he comph-to at an error of 
aioi an error of 1 p>T I'lnit fora tiinc i 
uint-i of ih'* inachino tool nroior conrlilinn;-- of tniMoi 
in ;tu' frictiori force,, atol in the po-ition of the i/nif' 
ion" on the layer of luhricant may loaf! In the 
li j*.<'i{ioi;ieo {}.(. ufsit-. am! (o taachinint' erroix, 
■ tran-i-nt pra-i - for a step varialicm (,f th,. velocity 
Im-' of the notation time lon-fant 7'.;. According to 
p.iVo r nrnti: ot untt-huiit itiar'liine tool- 7 ,t it..' 
'•.’it pro.'i-o. may take .*.(A't-ra! .'■■ecnnii'-. 





A^'ALY8IS OP DYVAMIC PiniOnMANCf. 




I !“ Tl.o PJrcr.rncr mint,] 

by LNIMS since iJoo in carrying out dynamic calculations for a mimbcr 
of different machine tools enahU-s Uostagca of this uorh to be di«tin'’ni«hc.l- 
preparatory \%ork and the calculations proper. 

Tlie prcparatorj’ stage consists in drawing up i)jo dynamics erjiiatinii'i, 
resorting to possible means for their simplification, \ calculator willi •.pcci.il 
training and experience is required fordrawimg up tbe equations and dc\pl- 
oping the design diagram. The complexity and time-consuming nature of 
the preparatory stage indicate that it would be expedient to de\elop stand- 
ard design diagram*, control systems and programmes for computer*. 
Such a standard design diagram is to he dcxcloped for a group of machine 
tools having an identical layout or arrangement of their units and the s.imo 


system of equations \s more experience is gamed il will be possible to go 
over to calculation* m the design of 3peci.il-purpo*e machine tool*. 

Tlio calculation* proper are to be carried out for a definite design version 


of a machine tool. Iixiurc or cutting tool if at lc.ist preliminary drawing’, 
are available, or of the parameters of a driio or culling conditions. 


fn this stage, the inettai data (ma*scs. cocfficicnl* of (he infcrlinls, (imo 
constants, etc.) are calculated, using the data sheets de\ eloped In the fip>t 
stage and computers On the b.isis of these data and a standard programme 
on an elcctronu digital computer, the frequency characteri*tif8 are calcu- 
lated. Their analyst* provide* the value* of (he indices of dynamic perfur- 
mance of the machine tool sj*tcms employing an up-lo-dalc univcr-.i! 
digital computer the calculations proper require from several liour* to «c\* 
oral days. This enables djmamic calculation* to be used in the proec-* of 
designing a new machine tool iivture or cutting tool, as well as in .'electing 
a drive or machining condition* (euttuig sped, feci and depth of rut) 




AN-ALVSIS OF DVX«I1C PCnronvvscL 


In conclusion, it is necessary to note the foUouin?. Tlic CTpencnec Rained 
Ly ENIMS since 1958 m carrying out dynamic calculations for a number 
ol dilTerent machine tools enables two stages of this work to he ilislinguished- 
preparatory work and the calculations proper. 

The preparatory stage consists in drawing up the dynnmioi equation', 
resorting to possible means for their simplification. \ calculator with xpccial 
training and experience is required for draw mg up the equations and devel- 
oping the design diagram. The complexity and time-consuming nature of 
the preparatory stage indicate that it would be expedient to develop •t.-md- 
ard design diagrams, control systems and programmes for computer^ 
Such a standard design diagram is to be developed for a group of machine 
tools having an identical layout or arrangement of their units and the same 
system of equations Vs more experience is gaine<l it will ho possible to go 
over to calculations m the design of spccial-purpo'o machine tools. 

The calculation® proper are to be carried out for a dermito design version 
of a machine tool fixture or cutting tool if at least preliminary drawing'' 
are available, or of the parameters of a drive or cutting conditions. 

In this stage, the initial d.nia (masses, coefficient® ol the interlinks, time 
constants, etc.) are calculate*!, using the data sheet® developed in the fij>l 
stage and computers On tiie basis of these data and a standard programme 
on an electronic digital computer, the frequency characlenslics are calcu- 
lated Their analysi® provides the values of the indices of dynamic perfor- 
mance of the itiacliinc tool ."ijsiems CmpJoyiog an up-to-date uiiiver-.il 
digital computer the calculations proper require from several hour® to sev- 
eral days. This enables dyii.imic calculation.® to bo used in the proce®® of 
designing a new machine tool livlnre or cutting tool, as well ns in seli’Cling 
a drive or machining condition® (cutting speed, feed and depth of cut) 
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Fig. -03. Tlic traniicnt process in (Iso ‘■fiolation" of a unit upon a sudden incicase i 

ing velocity 


in one and several passes, as a slat ionary process, has already heen conside 
‘•Sparking-our and “dwell" are typical representatives of transient proc 
due to cutting tools beginning and running out of the cut. The errors t 
appear when a tool .starts or runs oat of a cut are determined by the differe 
in the deflections oi the elastic system at zero and full nominal undeform 
chip thickness. 

This error is gradually eliminated by consecutive passes of the cutti 
tool. .'\t the same time the deformation of the system changes from one stead 
state condition to another. The duration of the transient process considerabl 
e.vcoeds the time for one revolution of the workpiece (one pass). 

Analyzing the transient process when the tool enters or leaves the cut 
as a process in a sj'stcm with an additional delayed interlink having a large 
time lag. it can be shown that it proceeds according to the exponential 
function 

t 

a = ao(I— (248) 

wliere a — actual undeformod chip thickness 
fle = given undeformed chip thickness 

Tc ~ -y (1 — 2Kej:sKp) “ accuracy improvement time constant. 

The transient process can be considered to he complete at an error of 
5 per cent for time t ~ STc and an error of 1 per cent for a time t ~ 

Upon traversing the units of the machine tool under conditions of mi.ved 
friction, the variation in the friction forces and in the position of the units 
in the process of their “flotation" on the layer of lubricant may lead to the 
occurrence of errors in positioning the units and to machining errors. 
Fig. 203 illustrates the transient process for a step variation of the velocity 
of motion at three values of the flotation time constant T,:. Accordinc to 
experimental data for power units of unit-built machine tools T/, ^ 0.-5 
to 1 sec and the transient process may take several seconds. 


ANALYSIS or DYNAMIC PrurORMWCf 


In conclusion, it is necessary to note ihe lolloHin-. Tlic oxpericfice cainol 
by ENIJiIS since I95S in carryms out dynamic calculations for a mimbrr 
of different machine tools enables twoslages of this xvork to be dislitigui«licil: 
preparatory work and the calculations proper 

The preparatory stage consists in drawing up the dynamics rqualioiis. 
resorting to possible means for their simplification. A calculator xsith special 
training and experience is required for drawing up the cqiialinns and de\el- 
oping the design diagram. The complexity and time-consuming nature of 
the preparatory stage indicate that it would be expedient to dci clop stand- 
ard design diagrams, control systems and programmM for computer- 
Such a standard design diagram is to be dcxclopcd for a group of machine 
tools having an identical layout or arrangement of their units and the «aine 
system of equations .\s more experience is gained it will be possible to go 
over to calculations in tlic design of spccial-purpo<e machine tools. 

The calculations proper are to be carried out for a definite design version 
of a machine tool. I'lxture or cutting tool if at least preliminary drawings 
are available, or of the parameters of a dri%e or cutting conditions. 

In this stage, tlie initial data (ma-'ses. coefficients of llie interlink*, time 
constants, etc.) are calculatcil, using the data sheets developed In tlio fip*l 
stage and corapiilcrs On the basis of these data ami a standard programme 
on an electronic digital computer, the frequency characteristics arc calcu- 
lated. Their analysis provides the \alues of the indices of dynamic perfor- 
mance of the machine tool sjstcms Employing an up-to-date uniscr-al 
digital computer the calculations proper require from se\eral lioiir* to «e\- 
eral days. This enables dynamic calculations to be u«od in the proct'-* of 
designing a new machine tool, fixture or cutting tool, as well as in selecting 
a drive or machining renditions fruiting spewl, feed and depll. of cut) 
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rig. 2U3. T)ie fraiisiW)) process in Ihe ‘‘flolntion" of a unit uiion a sudden increase in . 

iiig velocity 


in one mid several jiasses. as a slalionary process, lias already been considere 
^pariemg-ou!,' and “(hvoH" arc typical representatives of transient process 
tine to culling tools beginning and running out of the cuf. The errors tha 
appear when a tool starts or runs out of a cut are determined by the diffcrenc 

in the dcnoctions of (ho elastic system at zero and full nominal nndoformet 
chip liucicucss. 

eliminated by consecutive passes of the cutting 
tool. At the same tune tlie deformation of the system changes from onosloadv 
state condition to anotlior. 'fhe duration of the transient process considerTbiv 
exceeds the lime for one revolution of the u'orkpiece (one pass). ^ 

Analyzing the fransieiu process when the tool enters or loaves the cut 

atWitional delayed interlink having a large 
functilm ’ ^ proceeds according to the e.xponential 


« = fio(l —C^c) 

actual undeformed chip tliicknoss 

friT'rtrj ."i ^ • .• . * 


(248) 
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whore n 

^0 given undGforined chip thickness 
_ 2 A',;j;sA',,) r.. accuracy improvement time constant, 

liio fransioiil process can ho considered to he complete at an errnr r.f 
ill Lu i, loi unit ( - 61 ^ and an error of 1 per coat for a lime t — /< fir 
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of motion at three valueToTThe^f[oNffon°r variation of the velocity 
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In conclusion, it is necessary to note the follnwinir. The cxjiertdico cainp'l 
!)>• ENIMS since lO.TS in carrying out dynamic calculations for a numlitr 
of different njachinc tools enaldcs twostagcs of tlii« \iorJ. to he ilisiingui^Jjr.j- 
preparatory %vork and the calculations proper. 

The preparatory stage consists in dranmg up the dynamics cqualionx. 
resorting (o po<sihfo means for their simplification. A catciifator with xpccial 
training and experience is required fnrdrawing up the equations nnrl rlcvcl- 
oping the design diagram. The complexity and timC'C£)ii«iiming nature <>1 
the preparatory stage indicate that it svnuld he etpcdienl to doelop stand- 
ard design diagram*, control sjslems and programmes for rornpuKr* 
Such a standard design diagram i* to he desclopnl for a group of machine 
tools having an i'lentical layout or arrangcmitit of their units and the ‘aine 
system of equations As more experience is gamed it will he po<«iMe to go 
over to calculation* in llie design of special-ptirprwe macliine tool*. 

The calculation* proper are to he earned out for a definite design version 
of a machine tool, fixture or cutting tool if at least preliminary drawing* 
arc available, or of the parameters of a drive or cutting conditions 

In this stage, the Initial data (masses, cocificient* of the interlinks, time 
ennstants, etc.) are calculafe<l, u«ing the data sheet* dcvilopcd in the fir*t 
stage and coinputors On the basis of these data and a standard programme 
on an electronic digital computer, the frequency cliar.ictcristics arc mIcu- 
Jated Their analy.*!* provide* the value* of the indices of dynamic perfor- 
mance of the inacliinc tool systems. Employing an up-to-date universal 
digital computer, the calculations proper require from 'ovcral hours to *ev- 
crnl days. This enaldes dyn.vmic calculation* to be n*ed m the proce** of 
designing a new machine tool, fixture or cutting tixd, as well as in «elecling 
a drive or machining condition* (cutting speed, feed ami depth of cut) 
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Bearing selection, 12G 
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Bed design, machine tool. 107 
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Breyev, B., 152 
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Control, safely of, 238 
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Correlational link, 320 
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Damping, vibration, 283 
Defonnability, 282 
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Delayed feedback, 277, 303 
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Design gear train, 75 
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Design scbcdnle, ID 
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Design, unitized, 18 
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Displacement ellipse, 307 
Displacements, small, 151 
Divided drive, 5S, CO, 75, 79 
Double-row .slaggercd-roller bearings, 121 
Dovetail guides, 211 
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feed mechanism, 85 
Meander, OS 
motive power of, 10 
Drive strnclurc, 43 
Drive, weight of, GO 
"Drooping” cbnracteristic, 312 
Dropping worm, 2G3 
Dynamic calculations, 327 
Dynamic cbnrarleristic, 278 
Dynamic perfornmnee. 272 
Dynamic similarity, law of, 20 
Dynamic system, 274 
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